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I About

WOMA

International Workshop on Microcavities & their applications (WOMA) is a leading international conference
series on optical microcavities and their applications. The 7th WOMA will be held in Aotearoa New Zealand
at the University of Otago in Otepoti Dunedin during the 25th - 29th November 2024. This conference will
be in person during spring on the South Island of New Zealand. Scholars around the world of the optical
microcavity community will share & discuss their latest work & insights in this rapidly expanding field. The
five-day Workshop will include invited talks, contributed talks, student poster presentations & social activities
in Dunedin. Invited speakers include preeminent researchers in the field, Prof. Kerry Vahala (Caltech), Prof.
Hui Cao (Yale), and Prof. Vahid Sandoghdar (Max Planck Institute for the Science of Light). Three Best
Student Paper Awards will be awarded.

Organizing committee

A /Prof. Harald Schwefel Prof. Warwick Bowen Prof. Yun-Feng Xiao
University of Otago University of Queensland Peking University
Dunedin, New Zealand Brisbane, Australia Beijing, China

Local organizing committee at University of Otago

Dr Farhan Azeem Dr Nicholas Lambert Dr Florian Sedlmeir Dr Mallika Suresh
Researcher Research Fellow Postdoctoral Fellow  Agnes-Blackie Research Fellow
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B Abstracts — Monday 25th November

Recent progresses in single-atom superradiance

Kyungwon An IT

A superradiant state is a phase-correlated quantum state of atoms capable of undergoing superradiance
immediately without a time delay. We can prepare a superradiant state in an optical cavity by exciting N
atoms in the same superposition of the ground and excited states with a common phase angle by using a
nanohole array aperture. These correlated atoms generate superradiance in the cavity even when the mean
number of intracavity atoms is much less than unity [1]. As an application, the superradiant state can be
used to realize the long-sought superabsorption, the opposite of superradiance, by reversing the superradiance
process in time through the phase control of the superradiant state [2]. Another application is a photonic
quantum engine, where the atoms entering the cavity act as a heat reservoir and the photons are an engine
medium exerting radiation pressure on the cavity mirrors. Our engine operates between a thermal state
and a superradiant state of reservoir at the same reservoir temperature. In our experiment, the effective
engine temperature rose up to 150,000K because of the large ergotropy transfer from the reservoir through
superradiance, resulting in the engine efficiency as high as 98%, the highest ever achieved in quantum engines
[3]. Moreover, our superradiant lasing does not exhibit the conventional laser threshold that would occur
around unity mean photon number. We observed the coherent photon statistics even when the mean photon
number was far less than unity. The superradiant lasing occurs with the mean photon numbers between
B = (g7)? and 1/ with the coupling constant g and the interaction time 7. One can increase the dynamical
range greatly by making 8 <<1, which is achieved by employing a high-speed high-density ion beam in a
long cavity. Recent progresses toward a thresholdless macroscopic superradiant laser in this direction will be
discussed.

References

[1] Junki Kim et al., "Coherent single-atom superradiance", Science 359, 662 (2018).

[2] Daeho Yang et al., "Realization of superabsorption by time reversal of superradiance", Nature Photonics 15, 272 (2021).
[3] Jinuk Kim et al., "A photonic quantum engine driven by superradiance", Nature Photonics 16, 707 (2022).
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Qi-Tao Cao - Emission Patterns from 2D and 3D Deformed Microcavities

Universal critical dynamics of non-equilibrium phase transition
in photonic resonators

Qi-Tao Cao'*, Yun-Feng Xiao' CT

Abstract: In this work, we report the non-equilibrium phase transition of laser fields in a photonic
microresonator, of which the power-law scaling within the critical dynamics is experimentally revealed.

1. Introduction

Non-equilibrium is ubiquitous in optics and photonics, where the steady state arises from the driven-dissipative
balance rather than thermal equilibrium. Various fundamental processes of light can be perceived as phase
transitions in non-equilibrium, including laser generation, optical parametric oscillation, and more recent
discoveries in non-Hermitian physics such as PT-symmetry breaking. Besides the rich phenomena inspiring
essential physics studies, the switch between different optical states in non-equilibrium phase transitions
(NEPTS) is crucial for cutting-edge applications typified by photonic computation and exotic energy transfer.
In particular, use of nonlinear optical processes has demonstrated substantial potential in a range of emerging
tasks, e.g. serving as a convolution core for machine learning or solving non-polynomial problems [1].

As a theoretical framework, the Kibble-Zurek mechanism (KZM) describes the non-equilibrium critical
dynamics displayed by systems undergoing transitions between different physical phases within a finite
timescale. Specifically, the KZM offers universal scaling laws of relaxation with finite ramping rates, which
govern the transition dynamics even spanning from cosmological domain structures, atomic Bose-Einstein
condensates, to superfluids and superconductors [2]. In the realm of photonics, understanding the non-
equilibrium critical dynamics of light fields is essential as the time scaling law sets fundamental limits on
the operation rate of the applications. However, it is challenging to observe the critical phenomena out of
equilibrium in photonic systems, due to their fast dynamics and vulnerability to noise. Here we experimentally
construct an NEPT in miniaturized photonic resonators, in which the light fields can transit between the two
nearly degenerate lasing states with the opposite parities (Fig. 1A). Experimentally, the critical dynamics
is observed in real-time during the transition process (Figs. 1B and C), and the power-scaling law of the
transition time is demonstrated following the prediction by the KZM (Fig. 1D).

2. Methods and Results

The microlaser operated in this work is generated by optically pumping a spherical microresonator, which
supports a pair of nearly degenerate supermodes with opposite parities, i.e., the anti-symmetric mode a_ and
the symmetric mode a4. Due to the mode competition [3], only the mode with the smallest loss lases above
the threshold (Fig. 1A), which can be utilized for ground-state searching. Here we study the transition of
lasing state between two supermodes by dynamically controlling the losses x_ and x of the supermodes
[represented by a generalized parameter € in Fig. 1B|. When e ramps across the critical point €. with balanced
losses k4 = Kk_, the lasing mode switches after the transient state. The relaxation time 7, toward steady
state diverges at the critical point €. (Fig. 1B), giving 7, o |e — €| 7" described by the KZM [2]. Here v and
z (v,z > 0) denote static and dynamic critical exponents, respectively. Therefore, when ramping across the
NEPT with a fixed scanning speed u, the system dynamics can be classified into two regimes: The system is
away from the critical point, so that the lasing state evolves adiabatically and remains at the supermode a_
or a; due to the faster relaxation rate 1/7, (Fig. 1A, left and right panel). As the system approaches and
crosses the critical point, the original lasing state begins to switch to the other supermode, but the reaction
is too sluggish to follow the parameter ramping and becomes non-adiabatic due to the faster ramping rate u
(middle panel). Hence, the transition time 7; within the interaction can be obtained by the boundary of the
non-adiabatic region (red circles in Fig. 1B), i.e., 7 oc u="%/(14¥2) |2].
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Qi-Tao Cao - Emission Patterns from 2D and 3D Deformed Microcavities

We directly observe the real-time transition by monitoring the frequency detuning between the laser
and a fixed probe light. As the control parameter scanned across the critical point, the signal of the a4 mode
diminishes, and the a_ laser emerges, presenting an evident intermediate transition process marked by the
region between the dashed lines in Fig. 1C. The offset frequency ~ 75 MHz corresponds to the frequency
difference between the probe light and the center frequency of the supermode laser. We find a power law
dependence of the transition time, defined as the time in regime (2), on the ramp rate that matches the KZM
prediction (Fig. 1D), with the exponent (vz)/(1 + vz) = 0.49 4 0.03. Interestingly, this measured critical
exponent is consistent with that in NEPTs of exciton-polaritons, suggesting that the observed universal
behavior may exist in general driven-dissipative systems. Nevertheless, topological defects, widely observed in
phase transitions of condensed matter systems, do not exist in this specific NEPT process but can present in
similar coupled resonator architecture. Therefore, we use the temporal relaxation, another universal behavior,
to characterize the NEPT here.
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Fig. 1. A, Schematic transition of the optical field in a WGM microresonator from a4+ to a— with the photon population, by
ramping a control parameter across the critical point. Black curves: the effective potential of the nearly-degenerate supermodes;
Red horizontal lines: optical gain rate G. B, The relaxation time 7, relies on the distance to the critical point €., depicted by the
black curve. The red (pink) line represents the ramping of the control parameter with a slower (faster) speed. The thicker lines
in the shaded area mark the transition process whose duration corresponds to the transition time 7. C, Measurement of the
NEPT process from a4 to a— lasing. D, Scaling law of the transition time 7¢ versus the ramp speed of the control parameter,
with a double logarithmic plot (inset). Blue squares: the experimental data; black curve (line): the power (linear) fitting. The
error bars represent the standard deviation of 5 measurements.

3. Summary

In summary, we have observed and harnessed the non-equilibrium phase transition of the coupled microlasers
in a photonic resonator, by developing the RF readout and interference coupling technique. The critical
phenomenon is revealed experimentally, and the scaling law of transition time predicted by the KZM is
demonstrated, with the measured exponent vz to be about 1. This scaling imposes an upper limit for the
convergence rate when similar photonic systems are used for ground state searching. Moreover, the universality
of this time scaling is confirmed to be independent of the choice of parameters, as well as the increased system
complexity, indicating the ability of its application in large networks. Moreover, the unveiled scaling law can
provide universal guidance for understanding the fundamental time limit of the rapid switch of light fields,
especially for the convergence rate of photonic computation, e.g., coherent Iasing machines [1].
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Novel resonances and exceptional points in non-Hermitian opti-
cal systems

Li Ge'%* IT

Exceptional points (EPs) are a unique non-Hermitian phenomenon, where not only do the eigenvalues of
an operator (the scattering matrix, the Hamiltonian, etc.) become degenerate but also the corresponding
eigenstates become identical. In this talk, I will first discuss EPs with previously unexpected optical dispersion
relations, i.e., at the center of a 2D Dirac cone [1]. In such a case, an imaginary gauge transformation also
establishes the equivalence between certain non-Hermitian systems of two different types, namely, those with
optical gain/loss and those featuring asymmetric couplings. In the presence of a non-Hermitian gauge field,
we identified a new mechanism that enables strong model interactions and single-mode lasing in laser arrays
[2]. Combining it with spin-orbital coupling, I will also discuss the underlying principle that led to the precise
control of a micro-ring laser system emitting into a four-dimensional Hilbert space [3]. Lastly, I will talk
about an active photonic resonance [4] that does not have an origin in a passive resonance, which ushered in
new possibilities in the designing of laser cavities and other resonance structures. If time allows, I will touch
on our recent work on robust non-Hermitian zero modes without a global symmetry [5] and a linear optical
analogy of the fermionic Kitaev chain and Majorana bound states.

Fig. 1. (From left to right) A laser array with a non-Hermitian gauge field [2]; a ring resonator from a non-Hermitian
photo molecule laser with spin-orbital coupling; a cavity hosting an active resonance [4].
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Non-Euclidean Photonics with a Hyperbolic Surface: Experi-
ments and Numerics

H. Girin'*, D. Decanini', X. Checoury' and M. Lebental' CcT

Abstract: Non-Euclidean Photonics on a hyperbolic surface is investigated in this paper. Both experimental
and numerical results are developed for the case of dielectric tractoid microlasers fabricated with high optical
quality by direct laser writing. (C) 2024 The Author(s)

1. Introduction

Hyperbolic surfaces are surfaces with a constant negative curvature. Theoreticians have intensively studied
such surfaces over the last century. In particular, in the theory of quantum chaos, hyperbolic surfaces can
exhibit strong chaoticity [1]. Literature is filled with relevant theoretical results about quantum chaos with
hyperbolic surfaces. However, there are very few experimental works to validate those theoretical results.
This paper reports experiments and numerics about a hyperbolic surface called the tractoid (cf. Fig. 1(a)).
The tractoid is a 2D surface with a constant negative curvature embedded in R? [2]. The lower boundary
(blue line) is circular, and the top of tractoid goes to infinity.
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Fig. 1. (a) Tractoid surface with the lower circular boundary in blue. The orange line (the tractrix) and the red line are
two geodesics. (b) SEM image of a tractoid microlaser with radius Ro = 20 pm and thickness § = 2pm. (¢) Experimental laser
spectrum of a tractoid microlaser with Rg = 20pum and 6 = 1pm. (d) Normalized Fourier transform of the spectrum. The
optical perimeter of the tractoid microlaser is indicated with a red dashed line, and ng is the group index.

2. Tractoid microlasers and experimental results

Experiments are performed on tractoid microlasers fabricated with high optical quality by direct laser writing
(cf. [3] for more information about the fabrication). The radius of the tractoid microlasers is Ry = 20 pm,
and the thickness § can vary from 1 to 3um. The top of the tractoids is cut perpendicularly to the rotational
axis so that their size is not infinite (cf. Fig. 1(b)). The tractoid microlasers were pumped individually and
with uniform intensity by a beam perpendicular to the substrate from a frequency-doubled Nd:YAG laser
(532 nm, 500 ps, 10 Hz). Their emission was analyzed by a spectrometer with an overall resolution of 0.03
nm. A typical experimental spectrum of the tractoid microlaser is presented in Fig. 1(c). The spectrum is
almost comb-like. As shown in [3|, we expect modes to be localized along periodic geodesics (PGs). The
length of the PG is linked to the spacing between two consecutive peaks. Therefore, the Fourier transform
of this spectrum has been computed in Fig. 1(d). A single peak (and residual harmonics) is obtained, and
its position is very close to the perimeter of the tractoid. It indicates that lasing modes are nothing but
Whispering Gallery Modes (WGMs) propagating around the circular boundary of the tractoid.
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3. Semiclassical study of the tractoid

To compare with experimental results, the tractoid has been studied analytically and numerically using a
semiclassical approach (i.e., classical dynamics of rays and resolution of the wave equation). Miscellaneous
results are quickly introduced in the following.

Fig. 2. (a) Different views of two PGs of the tractoid. (b) Different views of a single analytical scalar wavefunction. (c)
Zoom on the right part of two different vectorial modes obtained by numerical Finite Difference Time Domain (FDTD). Black
arrows indicate the electric field polarization. The upper mode is TE-polarized, whereas the bottom one is TM-polarized.

3.1 Ray dynamics

First, PGs of the tractoid have been classified. Every PG can be classified by the number of bounces on the
circular boundary and the number of complete 27-rotations around the surface (cf. Fig. 2(a)). Then, the
stability of these PGs can be computed by using the monodromy matrix for the propagation over a distance t
on a tractoid of radius Ry, which is given by

B cosh (i> Ry sinh (i>
He) = Rio sinh E;ﬂ)) cosh (155 .

After computations, the tractoid is marginally stable, as expected for systems with rotational symmetry.

3.2 Resolution of the wave equation

The scalar wave equation is the Helmholtz equation with a curvilinear Laplacian, which depends on the metric.
It can be simplified using the rotational symmetry to separate the variables. The solution of this equation
can be expressed using the Modified Bessel function of Second Kind K,,. Modes have been computed for
Dirichlet boundary conditions and their wavefunction plotted in Fig. 2(b). Finally, the full vectorial wave
equation was numerically solved using homemade FDTD simulations. The vectorial wavefunction of two
modes has been plotted in Fig. 2(c). Modes belong to two distinct classes of polarization, TE-modes and
TM-modes, as expected for flat surfaces.

4. Conclusion

To conclude, thanks to tractoid microlasers one has been able to have a first walk around experimental
properties of quantum-like hyperbolic surfaces. Despite its constant negative curvatures, the tractoid is
integrable due to its rotational symmetry. Therefore, the tractoid acts similarly to the disk with WG lasing
modes and marginally stable dynamics. Nevertheless, this comparison between the disk and the tractoid may
give rise to interesting asymptotic properties between the wavefunction of the disk (Bessel function) and the
wavefunction of the tractoid (modified Bessel function).
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Emission Patterns from 2D and 3D Deformed Microcavities

Tom Rodemund?, Shilong Li'?, Martina Hentschel 2, and Sile Nic Chormaic'* 1T

Abstract: Here, we discuss mode-dependent chiral emissions that may appear from deformed cavities and
the far-field directionality that results when two cavities are coupled to each other via their optical fields.

Studies on non-Hermitian physics [1] has gained popularity in relation to describing optical microcavities,
resulting in interesting features, e.g. time-parity-symmetry in whispering gallery cavities [2]. When two
passive, deformed optical cavities are coupled to each other, interesting dynamics are observable. Here, we
consider the coupling of two deformed, dielectric microcavities and the nature of the near- and far-field
emissions. The cavities are slightly deformed from a circular geometry, defined in terms of a parameter, e.
Using a Husimi function approach [3], we demonstrate mode-dependent chirality of the coupled system for
the deformed cavities that does not appear for circular geometries [4].

Figure 1 illustrates the system under consideration. Initially, we focus on two identical deformed disks,
with a Q-factor on the order of 10* for each cavity. These cavities demonstrate whispering gallery type modes,
with the intensity varying around the circumference due to the deformation from the ideal circular profile. By
varying the separation distance, D, we study the evolution of the eigenmodes for the coupled system and
define a strong coupling regime when D < \/2, where \ is the vacuum wavelength of the light. Experimental
verification of the numerical results is desirable and will be a focus of future studies.
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Figure 1: System of two coupled limagon cavities, separated by a distance D, and Ry is the mean radius. An even mode
intensity distribution is illustrated for a distance D = A. Reproduced from [4], with the permission of AIP Publishing.
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Parametrically-driven cavity soliton frequency combs in pure-
Kerr microresonators

Miro Erkintalo'**, Gregory Moille**, Zongda Li“?, Miriam Leonhardt?, David Paligora'?,

Nicolas Englebert’, Francois Leo®, Julien Fatome® and Kartik Srinivasan’®* IT

Abstract: We theoretically and experimentally show that bichromatic driving of pure-Kerr microresonators
allows for the generation of parametrically driven cavity soliton frequency combs. We also discuss the solitons’
existence and stability. (C) 2024 The Author(s)

Dissipative Kerr cavity solitons (CSs) are pulses of light that can persist indefinitely in dispersive Kerr
resonators driven with continuous wave (CW) laser light [1]. They underpin the coherent and broadband
optical frequency combs that can be generated in on-chip microresonators, which have found numerous
applications from metrology to telecommunications. A key feature of such CSs is the fact that they are unique
attractors: for any given set of system parameters, only a single type of soliton can exist. In addition, they
form spectrally around the coherent laser that drives the cavity, and that driving field is accordingly part of
the frequency comb associated with the soliton. These two features can be disadvantageous or altogether
prohibitive for some applications.
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Fig. 1. Red curves show a coherent PDCS frequency comb spectrum generated in a silicon nitride microresonator (see
inset for a micrograph). Blue curve shows results from numerical simulations [2].

We have recently unveiled — both theoretically and experimentally — a new paradigm of soliton generation
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that can be reached in coherently-driven Kerr resonators [2]. Here, a judiciously dispersion-engineered resonator
is driven with two monochromatic lasers with large frequency separation, giving rise to a cavity soliton
frequency comb with carrier frequency in between the two inputs via parametric four-wave-mixing |Fig.
1]. In stark contrast to conventional Kerr CSs, these parametrically-driven cavity solitons (PDCSs) come
in two different flavours with opposite phase, which could unlock altogether new applications requiring a
binary degree of freedom. In this presentation, we will discuss the existence, stability, and characteristics of
the parametrically-driven cavity solitons that can exist in Kerr resonators under conditions of bichromatic
driving.
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Spontaneous Soliton Formation Under Pulsed-Pumping Condi-
tions in a Coherently Driven Passive Kerr Resonator
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Abstract: We unveil a novel dynamical regime in which dissipative Kerr cavity solitons spontaneously emerge in a coherent,
pulse-driven passive Kerr resonator. The regime is robust against perturbations, ensuring reliable and deterministic cavity soliton
generation. (C) 2024 The Author(s)

Dissipative temporal cavity solitons (CSs), first observed in a fiber ring cavity in 2010 [1], are ultra-short localized
pulses of light that can circulate indefinitely within an optical cavity without distortion. They have attracted particular
attention in the context of optical microresonators, where they enable the realisation of coherent broadband optical
frequency combs. Driven by the many potential applications of such frequency combs — from real-time spectroscopy
[2] to ultra-fast ranging [3]—the applied potential of CSs is now beginning to be realised. Therefore, it is no surprise
that over the past few years there has been a push towards tackling more practical issues, chief among these being the
reliable and robust generation of CSs. For many cavity architectures, CS generation typically required the intracavity
field to be either externally seeded [1] or subject to a parameter ramp that forces the field to undergo a substantial
state change from modulation instability (MI) to a CS state [4]. Although such methods are known to work, they often
require a prohibitive suite of equipment, as well as being susceptible to environmental perturbations or generating a
random pattern of CSs at each realisation. More recently, efforts have been made towards injection-locking systems
in which CSs can be generated through the use of Rayleigh scattering as a feedback mechanism [5]. Although such
systems show promise in tiny microresonator setups, in macroscopic systems, Brillouin scattering may prove to be
a compromising factor. In this contribution, we experimentally and numerically explore a pulse-driven passive Kerr
resonator, identifying a new parameter regime where CSs can spontaneously emerge, thus eliminating the need for
external seeding or parameter ramping through MI. Furthermore, we show that, in addition to single isolated soliton
states, deterministic generation of complex CS bound states (molecules) can also be realised thanks to higher-order
dispersion.

In our experiments, we use a 0.29-m-long dispersion-shifted fiber enclosed in a Fabry—Pérot (FP) system of
two dielectric-coated fiber tips (yielding a free spectral range of 350 MHz and a finesse of 180). We drive our cavity
with a train of picosecond pulses obtained from an electro-optic (EO) comb. The pump repetition rate, fp, can be
readily controlled by adjusting the clock frequency, allowing us to systematically control the desynchronisation, AT,
between the pump repetition rate and the cavity roundtrip time.We actively stabilise our pump detuning, §, via a
Pound-Drever-hall technique. To numerically model our system, we make use of the Lugiato-Lefever equation (LLE)
with higher-order dispersion and Raman scattering terms included [6]. For the measurements discussed below, we set
the central wavelength of our pump to 1565 nm, putting us into the anomalous group-velocity dispersion (GVD) regime
(the zero dispersion wavelength of our fiber is located at 1553 nm, and significant third- and fourth-order dispersive
terms are also present).

In our first experiment, we demonstrate the spontaneous emergence of CSs. Specifically, we first ramp the
cavity detuning (while maintaining the desynchronisation) through MI to values for which CSs exist, illustrating the
conventional method for CS generation, then gradually increase the detuning till the intracavity field can no longer
sustain a CS and collapses to the lower homogeneous steady-state (HSS). We then re-tune the detuning back to its
initial value, observing the spontaneous generation of CSs in the absence of any external perturbation or MI. The
experimentally measured spectral evolution is compiled into a pseudo-coloured map and displayed in Fig. 1(a), with
Fig. 1(b) showing the simulated temporal evolution of the region outlined by the dashed white box in Fig. 1(a). Finally,
Fig. 1(c) shows both an experimental (blue) and simulated (red) spectrum of the intracavity field taken from Fig.
1(a) at a detuning of 0.055 rad. Both Figs. 1(a) and (b) illustrate how, in the appropriate parameter region, a CS
can spontaneously form out of the intracavity field under pulsed-pumping conditions. The physical mechanism that
underpins the observed CS self-generation can be explained in terms of switching wave dynamics. Specifically, because
the pump is inhomogeneous, each position along the intracavity field sees different driving conditions. This opens
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up the possibility for spontaneous up-switching to occur at localised points along the intracavity pulse, effectively
self-seeding CSs.

For our second experiment, we show how under this particular pulsed-pumping scheme, both singular and
bound CS states can be reliably selected. To achieve this, we first tune into the fundamental CS state, then gradually
change the pump desynchronisation, AT, until a bound state is achieved. Once such a state forms, we then reverse
the desynchronisation until once again we generate the fundamental CS state. Figure 1(e) shows an experimentally
acquired pseudo-coloured map of this process, with Fig. 1(d) showing the numerically simulated temporal result when
using the same parameters as in (e).We can clearly observe deterministic switching between the fundamental CS state
(with smooth spectral envelope) and bound states (that exhibit spectral interference).
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Fig. 1. (a) Experimentally measured spectra of spontaneous CS formation after the cavity is forced into the lower
HSS via a detuning scan when driving with a picosecond driving pulse at a peak power of 2.3 W with AT = 4.4 fs/m. (b)
Numerically simulated temporal trace of the region outlined by the dashed white box in (a) under the same driving conditions. (c)
Experimentally measured spectrum (blue) taken from (a) at a detuning 6 = 0.055 rad overlapped with a numerically simulated one
(red). (e) Experimentally measured spectral map of bound and singular CS formation when changing the pump desynchronisation
with 6 = 0.068 rad at a peak driving power of 3.2W. (d) shows, using the same parameters in (e), the numerically simulated
temporal evolution of the intracavity field when subjected to the same change in desynchronisation seen in (e). The red (blue)
arrows beside the pseudo-coloured maps indicate when their respective parameters are decreasing (increasing).

In conclusion, by utilising a passive fiber based Fabry—Pérot setup, we have investigated through experimental
and numerical methods both cavity soliton self-generation and deterministic bound state formation under coherent
pulsed driving conditions. This work provides further insight into cavity soliton formation under pulsed driving, and
hopes to further the push into efficient, robust, and reliable cavity architectures for future applications.
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Mode-locking in coupled microresonators using exceptional point
modulation

Takasumi Tanabe*, Riku Imamura, and Shun Fujii 1T

Abstract: We present a mode-locking technique using coupled microresonators near an exceptional point to
achieve artificial saturable absorption without traditional materials. This efficient approach reduces power
requirements, enabling compact, energy-efficient, high-repetition-rate pulsed lasers for integrated photonic
applications.

In ultrafast photonics, mode-locked lasers are essential for spectroscopy, telecommunications, and high-
precision measurements. Traditionally, passive mode-locking in these lasers depends on saturable absorbers
(SAs), which can present challenges, particularly in small-scale lasers requiring extremely high Q factors for
stability [1]. Here, we introduce an alternative mode-locking approach leveraging the unique properties of
exceptional points (EPs) in coupled microresonator systems, effectively creating an artificial SA without
the need for conventional materials [2]. This innovation simplifies system architecture and reduces power
demands, marking significant progress in compact, on-chip pulsed laser technology.

Our design features two coupled microresonators: Cavity A, which provides gain, and Cavity B, with a
higher loss, acting as a passive modulator. Using nonlinear Schrédinger equation modeling, we observe stable
modelocking after multiple cavity roundtrips, generating a high-repetition-rate, Fourier-limited sech? pulse.
A unique decoupling mechanism at pulse peaks ensures efficient loss modulation, effectively mimicking SA
behavior. The system’s proximity to the EP, where eigenfrequencies coalesce, enables significant modulation
of system loss, achieving mode-locking without traditional SA materials. It allows Cavity B to function as
an artificial SA, simplifying system design and lowering power requirements. This approach provides high
stability at reduced operational power, making it ideal for energy-efficient, compact photonic systems.
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Figure 1: The system Q factor of a coupled microcavity system as a function of the coupling strength (Q.). The intrinsic
Q factors of Cavity A and Cavity B are 10® and 5 x 10°, respectively. The inset (bottom) displays the calculated waveforms
(intensity and phase) within Cavity A, demonstrating the mode-locked pulse achieved through the coupled system.

Our work represents a paradigm shift in mode-locking technology by utilizing EP-induced modulation
in coupled microresonators to create artificial saturable absorption, a potentially powerful approach for small
modelocking lasers. This method enables efficient, stable, high-speed pulsing in a simplified, on-chip design.
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The results are promising for integrated photonic systems where space and energy constraints are critical,
opening avenues for experimental exploration and potentially impacting a broad range of applications that
require ultrafast, low-power photonic devices.
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Silicon Carbide Microresonators for Integrated Nonlinear and
Quantum Photonic Applications

Andrew W. Poon*, Qianni Zhang, Jiantao Wang IT

Abstract: We will introduce our recent progress in silicon carbide microresonators for integrated nonlinear
and quantum photonic applications.

Integrated quantum photonic circuits enable quantum optical systems to be integrated on a chip. Microres-
onators constitute one fundamental building block that enables efficient photon-pairs to be generated at
room temperature employing the second- and third-order optical nonlinearities. In this talk we will report
our recent progress in using silicon carbide microresonators for integrated nonlinear and quantum photonic
applications, including harmonic generation, photon-pair sources [1-2]| and polarization entanglement |[3].
We will share our perspectives on using such microresonator platforms as a building block for potentially
high-dimensional and multipartite entangled quantum sources for quantum communications and quantum
computing.
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New opportunities for high-Q integrated devices and systems

Kerry J. Vahala* FT

The advent of ultra-low-loss (ULL) silicon nitride waveguides has transformed the high-() microresonator
landscape. With quality factors approaching 1 billion, ULL microresonators are fabricated in CMOS-compatible
foundries, enabling both enhanced feature size control and high yield for microfabrication of sophisticated
microresonator systems. Moreover, the photo- alvanic effect has introduced access to second-order nonlinearities
within this platform—a capability typically restricted to non-centrosymmetric dielectric systems. I will discuss
recent device and system advancements using ULL microresonator technology, including continuous dispersion
control in state-of-the-art microcomb systems, ultra-high coherence visible light generation, and synthesis of
record-low phase-noise microwave signals through optical frequency division.
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Opportunities in Whispering-Gallery Microresonators: Funda-
mentals and Applications

Lan Yang* IT

Light-matter interactions form the foundation of numerous phenomena and processes in optical systems. High-
Q microresonators and microlasers provide excellent platforms for both fundamental science and engineering
applications. This talk will start with an introduction to diverse sensing mechanisms and strategies developed
around high-Q microresonators. Various strategies, such as barcode technology based on collective behaviors of
multiple resonances and Al-enhanced classification, will be introduced for sensing applications with resonators.
Furthermore, our recent exploration of fundamental physics, including non-Hermitian physics in high-Q WGM
resonators, have unraveled innovative strategies to achieve a new generation of optical systems enabling
unconventional control of light flow. Examples including nonreciprocity in a parity-time (PT)-symmetry
resonator system, loss engineering in a lasing system, directional lasing emission at an exceptional point
(EP), and EP-enhanced sensing will be presented. To conclude, the applications of resonators in photonic
integrated circuits (PIC) will be discussed. Our research discoveries just represent a glimpse of the potential of
photonic resonators; there are still many exciting opportunities ahead for leveraging the enhanced light-matter
interactions through resonant effects.
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Spectral response strength of non-Hermitian optical systems at
and near higher-order exceptional points

Jan Wiersig* IT

Abstract: Non-Hermitian systems with exceptional points exhibit a strongly enhanced response to perturba-
tions and excitations. To characterize this response, we introduce the spectral response strength and various
schemes to compute it.

1. Introduction
Exceptional points (EPs) are exotic spectral degeneracies in open wave and quantum systems with potential
applications in optics and photonics [1]. At an EP of order n, exactly n eigenvalues (eigenfrequencies) and
the related eigenstates (modes) of a non-Hermitian Hamiltonian Hy coalesce. When such a Hamiltonian
is slightly perturbed, Hy + eHy, where € > 0 is the perturbation strength, the eigenvalues exhibit a strong
spectral response Ej — Egp €/ These large splittings have been exploited in experiments on sensing [2].
For an m x m Hamiltonian f[g, it was shown for the special case m = n, i.e., the Hilbert-space dimension
equals the order of the EP, that the perturbation-induced splitting is bounded |[3]

|E; — Egp|™ < €| Hy||2€, (0.1)

where || - || is the spectral matrix norm, & := || N"~!||5 is the spectral response strength, and N := Hy — Egp1.
A large £ indicates a strong spectral response, which is desirable e.g. for sensing applications.

2. Extension to arbitrary Hilbert-space dimension

We extend the theory of the spectral response strength to the general case m > n. A highly interesting
result is that & diverges when a higher-order EP is approached in parameter space. An efficient and accurate
numerical scheme based on residue calculus is presented.

3. Computation directly from wave simulations

We introduce a numerical method to compute the spectral response strength directly from wave simulations
of photonic systems done with standard software such as COMSOL. The scheme is based on the behavior of
the Petermann factors near an EP, see Refs. [5, 6].

4. Summary

The introduced spectral response strength characterizes EPs of arbitrary order by quantifying the spectral
response of optical systems at such non-Hermitian degeneracies. Our theory is useful for the design of complex
non-Hermitian photonic systems in general but in particular for sensing applications.
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Using exceptional points for coherent control of a hybrid system

N. J. Lambert"?*, A. Schumer?®, J. J. Longdell'?, S. Rotter> and H. G. L. Schwefel'?> CT

Abstract: Exceptional points are features of the eigenstates of coupled oscillators with competing loss and
gain, at which both eigenvalues and eigenvectors coalesce. We use the topological properties of exceptional
points for coherent control of magnon-polaritons. (©) 2024 The Author(s)

1. Introduction

Systems comprising two or more coupled oscillators display a rich variety of physical phenomena. There has
been particular interest in the coupling of modes supported by different physical systems -so-called hybrid
systems. These allow the characteristics of the coupled modes to be tuned by choosing appropriate subsystems.
In particular, the coupling of quantum systems with microwave and optical cavities has proved fruitful [1],
allowing new types of excitations to be created. For example, embedding ferromagnetic or antiferromagnetic
materials in a microwave cavity results in excitations that are combinations of magnons and photons, termed
magnon-polaritons. Magnons are a candidate system for quantum information processing due to their long
excitation lifetimes and wide-ranging frequency tunability, and have allowed demonstrations of cavity-mediated
coupling to qubits [2, 3], other magnon modes [4], and non-Hermitian physics [5|. However, coherent control
of magnonic systems is challenging due to the difficulties of generating a rapidly changing magnetic field to
tune the frequencies of the magnon modes. Here we demonstrate that the so-called exceptional point (EP) |6,
7|, which emerges in the eigenstate manifold of coupled non-Hermitian oscillators, allows coherent control of
magnon-polaritons. In particular, we show that encircling the EP allows excitations to be switched between
modes, and traversing the EP permits deterministic preparation of a superposition of states.

However, coherent control of magnonic systems is challenging due to the difficulties of generating a
rapidly changing magnetic field to tune the frequencies of the magnon modes. Here we demonstrate that the
so-called exceptional point (EP) [6, 7], which emerges in the eigenstate manifold of coupled non-Hermitian
oscillators, allows coherent control of magnon-polaritons. In particular, we show that encircling the EP allows
excitations to be switched between modes, and traversing the EP permits deterministic preparation of a
superposition of states.

2. Experiment

To implement coherent control using non-Hermitian phyysics, we require microwave resonators for which
we have control over the centre frequency and loss/gain of microwave modes. We implement this using two
resonators each comprising a loop of coplanar waveguide, with embedded amplifiers (providing gain) and I1Q
modulators (providing controlled loss and phase control via their I and @ voltages). Modes are travelling
waves with an integer number of wavelengths around the loop. We also embed polished YIG spheres in the
waveguides and achieve strong coupling between photons and magnons, and between the two microwave
resonators.

Our objective is to carry out coherent manipulations of the magnon-polariton modes of the system
within their lifetime (=~ 0.5u s). We do this by exciting a particular mode, guiding the system through some
trajectory in parameter space with carefully calibrated voltage waveforms on V; and Vg, and then observing
the ringdown frequencies of the system.

3. Results
We demonstrate that a trajectory encircling an exceptional point allows transfer of energy between normal
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modes, with the trajectory taking 75 ns . Circling must occur with the correct sense for switching to occur,
and the sense is dependent on the target mode. We also study the effect of traversing through the exceptional
point. Here, the effect of the generalised eigensystem on the evolution of the system must be considered, and
we show that the time reversal symmetry of trajectories through the EP leads to robust preparation of the
system in an equal superposition of magnon polariton modes. These results offer a pathway to novel coherent
control of quantum hybrid systems.
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Fig. 1. (a) The eigenfrequencies of two non-Hermitian coupled resonators. The surface shows the real parts (Re())) as a
function of the angular frequency (Aw) and loss (AT') detuning of the uncoupled resonators from degeneracy, and is coloured
according to the imaginary parts (Im(\)). For AT' < g the real part of the eigenvalues exhibits an anticrossing as a function of
Aw, and when AT" > g the anticrossing is in the imaginary part. The two regimes are separated by the exceptional point (EP).
Also shown are trajectories corresponding to: (I) an ellipse which does not enclose the EP; (II) an ellipse which does enclose
the EP; (III) a trajectory from Aw = AT = 0 through the EP and back to the starting point. (b) Schematic of the coupled
resonators and readout electronics. (c) Relative population of state |u) as a function of C,, and Cr for initial excitation of |I)
(left) and |u) (right). Population transfer occurs for the parameter ranges marked by the white dotted boxes, where the EP is
encircled with the correct chirality.
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Optically detected spin state of erbium dopants in a whispering-
gallery resonator

Luke S. Trainor*, Li Ma, Gavin G. G. King, Harald G. L. Schwefel, and Jevon J. Longdell
CT

Abstract: We demonstrate microwave-optical double resonance in an erbium-doped whispering-gallery
resonator inside a microwave cavity. The resonances couple to the erbium ions and offer a strong nonlinearity
with potential for quantum frequency conversion. (C) 2024 The Author(s)

Whispering-gallery resonators are well known for being monolithic optical cavities with high quality factors
(Q) and low mode volumes. We present a cryogenic (4 K) erbium-doped resonator with an optical @ exceeding
108 only 10 GHz away from an erbium optical transition. This optical resonator is embedded in a microwave
cavity, designed such that the magnetic field of the microwave resonance overlaps with the optical mode, see
Fig. 1(a).

The erbium provides energy levels in the telecom domain at 1536 nm , as well as a microwave spin-state
transition, both of which are tunable with an applied magnetic field. The optical modes in such a resonator
are strongly coupled to collective transitions of the erbium ions. Fig. 1(b) shows an optical mode, which
shows a coupling rate of 2 x 0.85GHz to an erbium optical transition, which is tuned by magnetic field. The
microwave resonator likewise allows us to probe the spin transition within the Zeeman-split ground state.

We present a scheme based on optically-detected magnetic resonance (ODMR) to better characterise
the microwave-optical response of the device by measuring the microwave response of only those ions that lie
within the optical mode volume [1]. Such a measurement allows us to characterise the system for possible
future use of microwave-optical transduction, which will be useful to interconnect superconducting qubits
through room temperature links.
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Fig. 1. (a) The erbium-doped Y2SiOs whispering-gallery-mode resonator (Er:YSO WGM) sits in a copper microwave
resonator. The setup is mounted inside a cryostat with a temperature of 4 K . An external magnetic field can be applied by a

superconducting magnet. (b) An optical mode with a frequency of vo ~ 195THz shows an avoided crossing of 1.7 GHz (red line)
due to coupling to an erbium transition, which is tuned by the external magnetic field ( B ). Figures modified from [1].
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Nanofiber Cavity Quantum Electrodynamics for Quantum Net-
work

Takao Aoki* IT

Abstract: We present our development of high-finesse optical nanofiber cavities and experimental research
on nanofiber cavity quantum electrodynamics systems for quantum network..

A quantum network, which consists of many quantum nodes connected by quantum channels, has a wide
variety of applications from the implementation of quantum computation to fundamental studies on quantum
many-body systems. Quantum nodes are required to be capable of storing and controlling local quantum
information as well as to be efficiently interfaced with the quantum channels through which flying quantum
information is transmitted. Fiber-coupled cavity quantum electrodynamics (QED) systems in the strong
coupling regime are one of the most promising candidates for the quantum nodes. We present our experimental
research on a nanofiber cavity QED system (Fig. 1) with a trapped single atom in the strong coupling
regime [1], and the setting of coupled-cavities QED, where two nanofiber cavity QED systems are coherently
connected by a meter-long low-loss channel in an all-fiber fashion [2,3|, and development of high-finesse
nanofiber cavities for achieving high cooperativity in nanofiber cavity QED [4-6]. We also show our recent
progress on the development of nanofiber cavity QED systems with individually addressable multiple atoms
trapped in an optical tweezer array on the nanofiber surface.
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Fig. 1. Nanofiber cavity QED system with trapped atoms.
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Slow and Fast light in a microcavity

Wenjie Wan'*, Yicheng Zhu' IT

Abstract: Fast and slow light is demonstrated experimentally in an optical microcavity through stimulated
Brillouin scattering induced transparency and absorption. And the transition point between the fast and slow
light reveals an intriguing stopped light.

1. Introduction

Light is the fastest information carrier with a tremendously large bandwidth, but hard to be stopped [1]
or stored. In this work, we experimentally demonstrate a room-temperature stopped light scheme in an
optical microcavity. Through nonlinear Brillouin scattering, a Parity-Time symmetry can be constructed
by nonlinearly coupling an optical mode and an acoustic one. By effective detuning of the control beam, a
critical transition between the slow-light and the fast-light regimes|2] exhibits its capability to stop light.
Correspondingly, a separated light-storage experiment shows that the light pulse can be halted up to almost
half a millisecond.

2. Stopped light near an exceptional point

In an optical microcavity, we excite a Brillouin acoustic field (green line in Fig. la) with a control light (blue
line in Fig. 1a). Another signal light (red line in Fig. 1a) at the position of the low-frequency Stokes light
obtain gain by injecting into microcavities. According to the Kramers-Kronig relationship, the group velocity
of the signal light will increase. A parity-time symmetry can be constructed between the signal light and the
acoustic field (Fig. 1b). Therefore, fine tuning of the frequency detuning or coupling strength of signal light
can completely eliminate the group velocity of signal light and store light energy in the acoustic field.
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Fig. 1. a, Schematic diagram of stopped light through BSIA in a microsphere microcavity. b, PT symmetry is formed
between photoacoustic modes. c-e, The transmission spectrum, phase, and group delay of signal light. f, Schematic diagram of
optical storage principle using control light pulse and signal light pulse at the stopped light point. g , The experimental results
of light storage at the stopped light point show that the maximum storage time can reach over 600 microseconds.

Fig. 1 c-e show the transmission spectrum, phase variation, and group delay of signal light when
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adjusting the detuning of signal light. The phase slope and group delay indicate the transition of signal light
from fast light to slow light. The red line represents the transition point. The phase slope and group delay of
this point tend to infinity, corresponding to a group velocity of 0 , which is the stopped light point. At this
point, we will modulate both the control light and the signal light into pulses. Fig. 1 f shows the principle of
light storage: controlling the light to turn on and off the acoustic field within one cycle, the signal light pulse
transfers energy completely to the acoustic field at this point and is restored when the acoustic field is turned
on again. The results of Fig. 1g show that the signal light pulse can still be recovered by the acoustic field
after a time interval of up to 600 microseconds.

3. Summary

In summary, we have experimentally demonstrated a room-temperature stopped light scheme in an optical
microcavity, utilizing the PT symmetry through stimulated Brillouin scattering. The transition from fast
light to slow light indicates the generation of a stopped light point.
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Taming Brillouin optomechanics using supermode microres-
onators

Min Wang, 1'3* Zhi-Gang Hu, > Chenghao Lao, ?> Yuanlei Wang, ' Wenjing Liu, > Qi-Fan

Yang, >*' and Bei-Bei Li 354 or

Abstract: We have designed and fabricated a supermode microresonstor to enhance Brillouin optomechanical
coupling, and realized both phonon lasing and optomechanical strong coupling. This system exhibits a
single-photon optomechanical coupling rate as high as 12.5 kHz.

1. Introduction

The enhanced photon-phonon interactions in high- ) microresonators [1-3] have accelerated the adoption
of electrostrictive Brillouin scattering in nanophotonics. In these demonstrations, for efficient Brillouin
scattering to occur, both the pump and scattered waves are essentially in resonance with the cavity modes.
To satisfy such dualresonance condition, it requires either precise control of the resonator size (usually at
millimeter-to-centimeter scale) [1-3] to match one or multiple free spectral ranges (FSRs) of the resonator
to the phonon frequency, or careful selection of a pair of optical modes whose frequencies and azimuthal
numbers satisfy the energy and momentum conservation criteria [4, 5]. However, both strategies impose a
fairly limited optomechanical coupling rate especially in the single-photon regime, due to the large cavity
mode volume or reduced modal overlaps. Furthermore, in the former scenario, the Brillouin scattering would
cascade which forbids high-power lasers or optomechanical strong coupling [6, 7].

In this work, we propose and demonstrate a supermode microresonator with nanometric Bragg gratings
on the boundary, can significantly enhance Brillouin optomechanical coupling rates. By applying a periodic
modulation to the boundary of the SiO2 microresonator (Fig. 1(a)) in the form of a cos(2m¢) (with o and ¢
representing the modulation amplitude and azimuthal angle along the cavity boundary, respectively), strong
coupling between the clockwise ( CW ) and counterclockwise ( CCW ) modes with azimuthal mode number m
can be induced through Bragg scattering. As a result, the CW and CCW traveling-wave modes are hybridized
into two standing-wave supermodes with a frequency splitting twice the coupling rate () [8]. In contrast to
randomized defects, this modulation only impacts the mode with azimuthal mode number m, thus leaving
other modes unperturbed. Controlling the value of « allows for the frequency splitting to match the frequency
of the bulk acoustic phonons (Fig. 1(b)), which enables efficient Brillouin optomechanical coupling in a
much smaller footprint. In this way, dual-resonance conditions in the same spatial modes are realized via
Bragg scattering in a microresonator with a radius of 20 pum. A single-photon optomechanical coupling rate of
go/2m = 12.52kHz is achieved, which is more than one order of magnitude higher than previous works that use
SiOg microresonators for Brillouin scattering [2-5]. Bi-directional phonon lasing (Fig. 1(c)) is demonstrated
along with optomechanical strong coupling with a coupling rate of G/2w > 100MHz (Fig. 1(d)).

2. Summary
In conclusion, we have demonstrated enhanced Brillouin optomechanical coupling using a supermode mi-
croresonator and realized both the phonon lasing and optomechanical strong coupling. Using this device we
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Fig. 1. a, Scanning-electron-microscope image of the SiO2 microresonator (left), with a zoom-in view of the microresonator
boundary shown on the right. b, Transmission spectrum of a SiO2mi~ croresonator with 7o = 20 m and o &~ 12.6 nm, where
the target mode has a frequency splitting of Af = 10.404GHz. c, Optical spectra of stimulated Brillouin scattering in both CW
and CCW directions when the pump light is coupled into the higher-frequency split mode in the CW direction. d, Power spectra
around the high-frequency split mode.

have achieved a single-photon optomechanical coupling rate of 12.52 kHz , which is more than one order of
magnitude higher than the SiO2 microresonators reported in previous works.
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Harnessing Crystalline Anisotropy in Whispering Gallery Mode
Resonators for Enhanced Nonlinear Optical Processes

Guoping Lin* IT

Abstract: Wide-range cyclic phase matching for second-harmonic generation and broadband stimulated
Brillouin scattering in crystalline resonators are explored. Both approaches leverage orientation-dependent
wave velocities along circular paths, showcasing the versatility of anisotropic WGMRs in nonlinear optics.

1. Introduction
Whispering gallery mode resonators (WGMRs) have emerged as powerful platforms for nonlinear optics,
offering high Q-factors and small mode volumes. While the general properties of WGMRs have been extensively
studied, research on how crystal anisotropy affects WGM resonances and subsequent nonlinear processes is
limited. This is especially true for phase matching in nonlinear effects, where the interplay between crystal
orientation and the circular geometry of WGMRs can lead to unique and potentially beneficial phenomena.
Our research has focused on exploiting the crystalline anisotropy in these resonators to enhance different
nonlinear optical processes. We review two significant developments in this aspect: second-harmonic generation
(SHG) in x-cut BBO WGMRs [1] and stimulated Brillouin scattering (SBS) in z-cut MgFys WGMRs [2]. These
studies demonstrate how strategic crystal axis orientation can be used to achieve broadband operation in
nonlinear processes, a highly desirable feature for many applications.

2. Methods and discussion

In z-cut BBO WGMRSs, a unique phenomenon for TM polarized whispering gallery modes was observed. it
was observed that for TM polarized modes, the light wave velocity continuously changes along its path due to
the crystal orientation. Due to the crystal orientation, the wave velocity of light continuously changes along
its path within the resonator. This is equivalent to a continuous variation of the refractive index along the
circumference. Remarkably, despite this variation, high-Q TM polarized WGMs still exist in the resonator.
For second-harmonic generation, this refractive index variation affects the phase matching condition. While it
might be expected to decrease conversion efficiency, we found that it actually broadens the phase matching
bandwidth, leading to "widerange cyclic phase matching". [1]. This wide-range operation in a single device is
a significant advantage for practical applications.

For z-cut MgFy WGMRs, it was found that the velocity of phonons along the circular path of photons
exhibits a path-dependent variation by solving the Christoffel equation. This variation leads to a significant
broadening of the Brillouin gain spectrum. A hundredfold increase in Brillouin gain bandwidth compared to
conventional systems was observed [2]. This broadband effect is attributed to the continuous change in phase
matching conditions along the resonator path, similar to the SHG case but involving acoustic waves.

In both cases, the anisotropic properties of the crystals, combined with the circular geometry of the
resonators, lead to a periodic modulation of relevant parameters along the circumference. For SHG, this
results in cyclic phase matching, while for SBS, it leads to an increased Brillouin gain bandwidth. This
approach offers a versatile method for designing broadband nonlinear optical devices based on crystalline
WGMRs. Future research could explore other crystal orientations and materials to further optimize these
effects. The success of these studies could lead to potential applications in areas such as optical frequency
combs, quantum optics, and precision sensing.
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Photonic AI Computing using Coherent Microcavity Lasers

Zatjun Chen* IT

Abstract: Space-time-wavelength multiplexing using microcavity laser arrays and lithium niobate photonics
allows multidimensional tensor processing with 405,000 neural parameters. Parallel analog computing achieves
7 femtomoles per operation ( 140 TOP/W) and high-density integration (6 TOPS/mm?).

Deep neural networks (DNNs) are transforming the field of information processing, but their exponential
growth poses challenges for conventional hardware. Existing computing bottlenecks with CMOS electronics
are induced by electronic wires, which lead to on-chip thermal dissipation and capacitive resistance limiting
the computing energy efficiency and clockrates. Optical neural networks (ONNs) have emerged as a promising
solution, offering high clock rates, parallelism, and low-loss data transmission. However, ONNs still face
hurdles, including high energy consumption, low compute density, and latency due to inefficient electro-optic
digital-analog conversion, device footprints, and high optical power. I will present our time-multiplexed
neuromorphic architectures [1-5] to overcome the above-mentioned computing challenges in photonics. We
experimentally demonstrated photonic logics using photoelectric multiplication with homodyne detection
and phase-controlled vertical-cavity surface-emitting laser (VCSEL) arrays. We further scale up the system
by incorporating on-chip integration with wavelength-multiplexed VCSELs and thin film lithium niobate
photonics. High-speed optical modulation allows temporal neural activation with 10 billion parameters per
device per second, enabling future scaling of optical systems. Our approaches indicate a path towards trillions
of operations per second with space-time-wavelength 3D data streaming and parallelism, making it highly
scalable for machine learning models. These innovations enable advancements in Al hardware, accelerating
tasks such as training large language models, real-time decision-making, and complex simulations, while
pushing the boundaries of computing efficiency.
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Fast thermogenic detection with a microlaser

Xi Yang', Shui-Jing Tang’ and Yun-Feng Xiao 1234* CT

Abstract: We develop a microcavity laser cellular thermometer with a temporal resolution of 3.92 ms ,
enabling the thermal dynamics analysis of the interaction of DMSO and water and monitoring the temperature
variation of living cell.

1. Introduction

Real-time monitoring of cellular temperature dynamics is essential to reveal their fundamental cellular
signaling, and even clinical diagnosis and therapy. Over the past decades, many promising approaches to
cellular temperature sensing have been developed, including fluorescence, thermocouple, Raman spectroscopy,
and photoacoustic imaging. Among the numerous technologies, thermocouple probes with the scales of
sub-micrometers have been fabricated to determine intracellular temperature variation, showing a temporal
resolution of 1 s [1]. Nanoscale themometries including fluorescent polymers, quantum dots, and green
fluorescent proteins have been developed to map the temperature distribution within a living cell [2]. Nitrogen-
vacancy centres have been applied to measure the intracellular thermal conductivity [3]. However, most
of these methods are limited by their poor temporal resolution because their low brightness requires long
integration times.
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Fig. 1. Concept of microcavity laser-based cellular themometry. The chemical stimuli induced cellular temperature increase
and the blueshift of the lasing wavelength.

3. Summary

In summary, we have experimentally demonstrated a room-temperature stopped light scheme in an optical
microcavity, utilizing the PT symmetry through stimulated Brillouin scattering. The transition from fast
light to slow light indicates the generation of a stopped light point.

2. Results

The schematic diagram of the liquid-crystal microcavity laser-based cellular themometer is illustrated in
Figure 1, in which the liquid-crystal microcavity laser is fabricated by filling a glass capillary with dye-doped
nematic liquid crystal. When the dye-doped liquid-crystal microcavity is pumped by a 532 nm pulsed laser,
multiple WGMs are excited to achieve laser emission (Fig. 1). The lasing spectrum depends highly on the
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refractive index of the optical microcavity [4], which can be tuned by the temperature of living cell. By
adding norepinephrine (NE), the heat production from the mitochondria will boost the temperature of the
cell. This will increase the local temperature of the optical microcavity through heat conduction and induce
the decrease of refractive index of optical microcavity due to the negative thermo-optic coefficient of liquid
crystal, inducing a blueshift of the lasing wavelength (Fig. 1).

In order to characterize the temporal resolution of the proposed thermometry and achieve local
temperature measurement, silver coated polystyrene microsphere is sticked on the outer surface of the optical
microcavity and is heated by a 1550 nm laser. By applying a square wave modulation, the temporal resolution
of microcavity laser can be evaluated, and the corresponding temporal evolution of the lasing wavelength
of the microlaser in shown in Fig. 2a. The temporal resolution is measured about 3.92 ms by using the
exponential fitting (Fig. 2b), which is about three orders of magnitude higher than other technologies. This
enables the proposed themometry to explore the fast thermal dynamic analysis of the interaction of DMSO
and water. Finally, the thermometer was applied for the measurement of cellular temperature.
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Fig. 2. (a) Time series of the AX in a square-wave input of laser power with a periodicity of 100 mHz . (b) Thermal
response time through exponential fitting.

3. Summary
In summary, we have experimentally demonstrated a room-temperature stopped light scheme in an optical
microcavity, utilizing the PT symmetry through stimulated Brillouin scattering. The transition from fast

light to slow light indicates the generation of a stopped light point.
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Stochastic and quantum dynamics of microcombs

Yanne Chembo'?* IT

Kerr optical frequency combs are expected to play a major role in photonic technology, with applications
related to spectroscopy, sensing, aerospace, and communication engineering. Here, we present some of the
latest advances for the understanding of their stochastic and quantum dynamics.
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A quantum perspective of Kerr microcombs

Qi-Fan Yang', Xing Jin', Zhe Lv', Lu Yao', Ze Wang', Kangkang Li', and Yue Wang' IT

Abstract: We study quantum effects in Kerr microcombs, including quantum-limited timing noise and
large-scale entanglement encoded on continuous quantum variables. (C) 2024 The Author(s)

An optical frequency comb is a coherent, bidirectional link between optical and microwave signals, consisting
of a set of equally spaced lasers. The realization of these combs in optical microresonators—particularly
those generated through Kerr nonlinearities—offers a chip-based solution for a wide range of applications,
from precision metrology to telecommunications. While the classical dynamics of Kerr microcombs are
well-described by the Lugiato-Lefever equation, the quantum properties of these systems have often been
overlooked. In this study, we present our recent findings on the suppression of quantum-limited timing noise
in bright soliton microcombs. Furthermore, we demonstrate the generation of correlated non-classical light in
Kerr microresonators, leading to the largest-scale entanglement achieved on photonic chips.

The theoretical framework originates from the Lugiato-Lefever equation, modified to include quantum
fluctuations:
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Here, A(t, ¢) represents the slowly-varying envelope of the optical field at time ¢ and angular position ¢,
studied in a reference frame rotating with the free spectral range (FSR) of the microresonator. The parameters
k and Keyxt denote the total and external damping rates of the comb-forming mode family, respectively, while
do is the pump-resonator detuning. The nonlinear coupling coefficient, g = hw%nng /2mngAesr, depends on
the linear (ng) and nonlinear (ngy) refractive indices and the effective mode area A.g. The pump power is
represented by F,. Quantum fluctuations are introduced as a Langevin force Fy, satisfying the following
correlation function [1]:

(Fo(er,t1)F] (¢2,t2)) = 2mkd(¢1 — ¢2)d(t1 — t2) (2)

Numerical simulations based on these equations can be performed using the split-step Fourier Transform
method. Under certain conditions, analytical solutions are also feasible [1]. Our first set of results addresses the
quantum-limited timing jitter of soliton microcombs, a fundamental noise constraint intrinsic to these systems
[2]. Solitons interact stochastically with the vacuum electromagnetic field through various loss channels in the
microresonator, as predicted by theory [1| and confirmed in experimental studies [3-5]. We have demonstrated
that by exploiting dispersive wave dynamics in multimode microresonators, this quantum-limited timing
jitter can be suppressed to unprecedented levels. The viscous force generated by these dispersive waves
effectively reduces the stochastic motion of the solitons, establishing a new fundamental noise limit for soliton
microcombs. These findings provide a pathway for the coherence engineering of soliton microcombs within
the quantum regime, offering significant implications for synthesizing ultralow-noise microwave and optical
signals. In parallel, high-quality-factor (Q) optical microresonators present a compact and scalable platform
for generating squeezed light [6]. Unlike traditional tabletop optical parametric oscillators, the large FSR
of microresonators allows for the resolution of individual quantum modes. Bipartite squeezing has been

Wednesday 27 November (9:40 - 10:20) 43



Qi-Fan Yang - A quantum perspective of Kerr microcombs

demonstrated in microresonators pumped monochromatically via Kerr nonlinearity, forming a comb-like
structure referred to as a squeezed quantum microcomb [6]. However, creating continuous-variable (CV)
cluster states involving multiple frequency quantum modes remains a challenge. In our second study [7], we
replace the classical components of microcombs with correlated quantum light to produce cluster quantum
frequency combs, which provide extensive quantum resources for measurement-based quantum computation
and multi-user quantum networks. We propose and experimentally generate cluster quantum microcombs
within an on-chip optical microresonator driven by chromatic lasers. Through resonantly enhanced four-
wave mixing processes, we deterministically establish quantum correlations— such as squeezing—among
the continuous quantum variables of 60 modes. By tuning the pump lasers, we can reconfigure the cluster
structures into one- and two-dimensional lattices. Our results demonstrate the largestscale cluster states
with unprecedented levels of raw squeezing from a photonic chip, paving the way for a compact and scalable
platform for computational and communicational tasks with quantum advantages.
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Tunable Non-Phaselocked Solitons in Pulse-Driven Passive Kerr
Resonators Mediated by Stimulated Raman Scattering
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Abstract: Enabled by Raman scattering, a passive optical cavity driven with pulses desynchronised from
the cavity’s roundtrip time supports spontaneous generation of nonphaselocked solitons centred at optical
frequencies more than 15 THz below the pump frequency. (©) 2024 The Author(s)

1. Introduction and Background

Externally driven passive optical cavities are a commonly used platform for the generation of ultrashort
solitons. Pulsed driving enables us to control where within a resonator solitons can exist [1]. Loss within
optical cavities means that a soliton sustained through pulsed driving must necessarily have the same repetition
rate as its driving pulse. Changing the repetition rate of our driving pulses therefore changes the repetition
rate, and consequently the velocity, of our solitons [1]. In practice, a soliton achieves this change in velocity
by shifting its centre frequency. While solitons formed in passive resonators typically have the same centre
frequency as their driving field, it has recently been shown that Raman scattering can be leveraged to enable
the generation of solitons more than 10 THz away from the centre frequency of their driving field [2]|. In this
work, we explore a regime in which solitons form more than 15 THz below the centre frequency of their pump
and are not locked in phase to their driving field.

2. Methods

Our experimental setup is based around a 0.5 m Fabry-Pérot cavity (1m roundtrip) constructed from
Corning MetroCor non-zero dispersion-shifted optical fibre (’y =26 W km™!, By = 7.150ps? km ™! and
B3 = 0.136ps® km ™! at an operating wavelength of 1562.5 nm ) butt-coupled to a dielectric mirror at each
end. Cavity finesse is approximately 175. We coherently drive our resonator with a train of 5 ps pulses.
Detuning is fixed at §p =~ 0 using a continuous-wave control beam with polarisation orthogonal to that of the
main beam.
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Fig. 1. Output spectra of a passive optical resonator driven with pulses desynchronised from the roundtrip time of the
cavity by different amounts. The red lines indicate the optical frequencies at which the repetition rate of the input pulses is
matched to the roundtrip time of the cavity. The orange lines indicate the desynchronisation values for which non-phaselocked
solitons exist.
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3. Results and Discussion
Scanning the repetition rate of our input pulses across a wide range of values, we find that, in addition to

Wednesday 27 November (10:20 - 10:40) 45



Jordan Wise - Tunable Non-Phaselocked Solitons in Pulse-Driven Passive Kerr Resonators Mediated by
Stimulated Raman Scattering

the range of positive 1 values for which soliton generation has previously been described [2], there is also a
small range of negative 8 values which result in the spontaneous generation of solitons more than 15 THz
below the centre frequency of the pump (see Figs. 1 and 2). We note that this range coincides with the
range of desynchronisation values for which a switching wave appears around the centre frequency of the
pump (see Fig. 1). The relationship between this switching wave and the existence of solitons remains under
investigation.
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Fig. 2. Simulated and experimental optical spectra of a non-phaselocked Raman soliton.

Because the solitons which form under this regime have the same repetition rate as their pump, the frequency
combs corresponding to the pump and the soliton have the same frequency spacing. However, unlike many
other solitons sustained on pulsed backgrounds [1,2], they do not have the same carrier envelope offset
frequency as their pump, meaning that the pump and soliton beat against each other. In the time domain,
this manifests as a time-varying pattern of amplitude modulation across the soliton (see Fig. 3).
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Fig. 3. Simulated temporal evolution of a non-phaselocked Raman soliton.

4. Conclusions and Future Work

Driving a passive optical resonator with pulses whose period is desynchronised from its roundtrip time at
the centre frequency of the pump enables the generation of non-phaselocked Raman solitons. In future work
we will investigate the relationship between switching wave structures appearing around the pump and the
existence of non-phaselocked Raman solitons
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Directional light emission and nanoparticle detection based on
WGM microcavities

Wei Wang, Yong-Zhen Huang, and Youling Chen* 1T

Abstract: A deformed circular-side triangular microresonator is fabricated. Unidirectional light emission
is experimentally demonstrated, which changes drastically upon the binding of a nanoparticle, predicting
applications in electrically pumped, portable and highly sensitive far-field detection of nanoparticles.

1. Introduction

Whispering-gallery mode (WGM) optical microcavities have found a wide range of applications such as highly
sensitive bio/chemical sensing, and microlasers. However, light emission is isotropic in a traditional WGM
microlaser. To realize efficient extraction and collection of light, the emission should be tailored. Highly
directional light emission has been reported in microcavities with defects or boundary deformation. The Q
factors reduced drastically for cavities with defects. Semiconductor polygonal microcavities represent another
kind of deformed microcavity. Directly connected with a waveguide, directional output has been reported
with semiconductor polygonal microcavities, benefiting the integration with other optoelectronic devices.

2. Experimental results
For the widely adopted cavity material of AlGalnAs quantum wells, a waveguide-connected deformed
circular-side triangular microresonator (CTM) is designed and fabricated, as illustrated in Fig. 1.
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Fig .1. (a) SEM image of the circular side triangular microlaser after ICP etching. (b) Microscopic image of the CTM with
p-electrode. (c) Integral ball output power and voltage versus continuous-wave injection current. The inset shows the wavelength
of the main lasing mode versus the injection current. (d) Lasing spectra at injection currents of 4, 6, and 12 mA. The inset
shows the detailed spectra at 4 mA near the wavelength of 1543.15 nm.

The far field light emission pattern is illustrated in Fig. 2. Fig. 2 (b) is the detailed experimental far field
pattern for I = 12 mA. Unidirectional light emission from arc side 1 with a divergence angle of about 38°
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is obtained. Slight deviation between the simulation and experimental far field emission patterns may be
induced by the unavoidable roughness during the fabrication process.
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Fig. 2. (a) Schematic diagram of the experimental far field light emission test. (b) Experimental (black) and theoretical
(red) far field pattern at the injection current of 12 mA.

3. Summary

Unidirectional light emission with chirality close to 1 is experimentally reported in the far-field pattern with a
divergence angle of 38°. Numerical simulation predicts sharp change of the far-field emission pattern upon the
adsorption of nanoparticles. Direct integration of the triangular microresonator and the waveguide provides a
convenient and robust scheme not only for unidirectional light emission but also for far-field nanoparticle
detection based on chirality. The advantages of electrical pumping, simple structure, and low-cost may greatly

inspire the development of integrated portable sensing devices.
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Multichannel THz upconversion in a LiNbQOj3 optical resonator
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Abstract: We present multichannel nonlinear optical upconversion of THz signals around 0.16 THz in a
lithium niobate disk microresonator. This scheme demonstrates the upconversion of six non-resonant THz
signals using a resonantly enhanced continuous-wave optical pump.

1. Introduction

Nonlinear frequency mixing in electro-optic crystalline whispering gallery mode resonators (WGMR) has been
explored and discussed for a couple of decades now [1]. Such platforms have been used to shift signals from the
microwave (e.g. 10 GHz [2| and 80 GHz [3]) up to the optical domain, i.e., "upconversion" via sum-frequency
generation (SFG) and difference-frequency generation (DFG). Here, we demonstrate the upconversion of
signals that are an octave higher than previously demonstrated [3].

2. Experimental setup

Teflon UHMWPE UHMWPE Teflon
— lens lens . lens lens PCA
- | waveguide
x B e )
i WGMR
; ‘GRIN
GRIN _ . _lens circulator
lens & . y filter
o TR  sphitter ﬂ
oo
polarizer . ; laser ]
attenuator [ . e -

Fig. 1. Sketch of experimental set-up showing the terahertz and optical sections (inset: a photo of the LiNbO3 WGMR,
silicon waveguide, diamond prism and GRIN lenses).

The WGMR used here is a LiNbO3 disk with the crystal optic axis along the rotational axis, with a thickness
of 163.61 m and radius of 2.23 mm . The experimental setup [Fig. 1| for the upconversion has two parts for
each frequency domain involved. In the optical domain, a continuous-wave tunable diode laser ( ~ 192THz )
from Toptica Photonics is used. The laser light is coupled in and out of the WGMR  via two graded-index
(GRIN) lenses and a diamond prism. The light emerging from the outcoupling GRIN lens is split with
10% of the signal being sent to a photodiode (PD) and the remaining 90% being sent via a filter to an
optical spectrum analyser (OSA). The filter is used to decrease the outcoupled pump power being sent to
the high-sensitivity OSA. A frequencydomain TeraScan system with photoconductive antennae (PCA) from
Toptica Photonics was used as the source of THz radiation for upconversion. Ultra-high-molecular-weight
polyethylene (UHMWPE) lenses are used to couple the radiation to and from a silicon rod waveguide.
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3. Results and discussion
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Fig. 2. Optical spectrum showing upconverted peaks from 0.137 THz to 0.186 THz on either side of the pump.

The plot shown in Fig. 2 depicts 6 channels of upconversion as can be seen by the SFG and DFG of frequencies
from 0.137 THz to 0.186 THz observed as the sidebands on either side of the pump. These spectra are
captured by the "Maximum Hold" function of the Finisar 1500S OSA as the TeraScan system is scanned
and each pair of peaks appears when the system reaches the respective THz frequency. The resolution of
the OSA is 150 MHz , which is much larger than the expected bandwidth of the upconverted signal mode
(approx. 1.4 MHz ). These optical signals are integer multiples of the free spectral range of the optical mode.
This indicates that the upconverted signal in each case is generated in an optical WGMR, mode - so both the
pump and upconverted signal are resonant in the WGMR.

The THz radiation being upconverted overlaps with the optical mode but is not resonant in the disk,
like that proposed in [4]. This broadens the range of frequencies being upconverted as the phase-matching
requirements for all-resonant upconversion would allow only one frequency to be upconverted.
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Photonic Oscillators Involving Bulk Optical Cayvities

Anatoliy Savchenkov', Wei Zhang', Vladimir Iltchenko', and Andrey Matsko*, 1T

Abstract: Recent advances in generation of low noise microwave (from X- to W-band) and optical signals
using self-injection locked semiconductor lasers as well as high-Q monolithic optical cavities integrated on
the same platform are discussed. (C) 2024 California Institute of Technology. Government sponsorship
acknowledged.

1. Introduction

High-Q optical microcavities are essential for stabilizing and creating low noise both optical and microwave
sources. The performance of the devices is primarily impacted by a few parameters of the cavities, including
their quality (Q-) factor, geometrical volume, nonlinearity, and thermal sensitivity. The high-Q factor enables
reduction of the phase noise of the active devices involving the cavity but also reduces the threshold of various
nonlinear processes that can be observed in the cavity and can be both useful and detrimental, depending on
the application. The geometrical volumes of the cavity and the cavity modes impact the vibration sensitivity
of the system as well as its fundamental thermodynamic stability. Additionally, it influences the nonlinear
response of the cavity and impacts the density of the cavity spectrum. The nonlinearity enables generation of
optical frequency combs but also results in exchange between the amplitude and phase noise of the system.
The thermal sensitivity, including thermo-refraction and thermo-expansion properties of the cavity, impacts
the thermal stability of the cavity-based system but also enables tuning of the cavity spectrum.

To create a low noise stable oscillator based on an optical cavity one has to involve a high-Q device, with
low thermal and optical nonlinearity, high mode volume, small overall volume, and clean optical spectrum.
Some of the requirements are contradictory and a significant effort is needed to optimize the space of the
parameters. In this presentation we discuss a few applications of the optical cavities to create optimized high
performance lasers and microwave photonic oscillators [1 — 4].

2. Lasers and Laser-based Microwave Oscillators

Optical resonators are optical metrological instruments benefiting from highly isolated environment. The
cavity structure defines the needed degree of isolation. For instance, to achieve peak performance of empty
Fabry-Perot (FP) cavities, they has to be placed in high-vacuum enclosure. The selection of the cavity
host materials and mirrors is also critically important. Monolithic FP resonators are emerging as promising
alternative to traditional designs because of these reasons. The optimization of the cavity design is an ongoing
activity. We recently demonstrated a monolithic FP resonator with less than 5cc volume and 2 x 10° finesse
and used it for a laser stabilization [2,3]. We demonstrated less than 20 Hz integral laser linewidth and
721071 relative frequency stability measured from 0.1 s to 0.3 s averaging time. This is the highest spectral
purity and stability demonstrated to date in the context of monolithic reference resonators. By locking two
separate lasers to distinct modes of the same resonator using a Pond-Drever-Hall (PDH) technique, a 96 GHz
microwave signals were generated with phase noise —100dBc/Hz at 10 kHz frequency offset, achieving orders
of magnitude improvement if compared with the other microwave photonic synthesizer involving stabilized
lasers.

We also demonstrated simultaneous self-injection locking (SIL) [5] of two semiconductor lasers to
high-order modes of a stand-alone monolithic non-confocal FP cavity [3]. The lasers were used to generate a
low noise microwave signal on a fast photodiode. The overall improvement of the laser spectral purity exceeds
80 dB . The observed single sideband phase noise of X - to Ka-band signals is at the —110dBc/Hz level (the
SIL technique was more effective than the PDH technique) and is limited by the fundamental thermorefractive
noise of the cavity. The demonstrated cavity-laser configuration can be tightly packaged and is promising for
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generation of high frequency RF signals as well as for referencing optical frequency combs. The compact
monolithic FP resonator is promising for applications in spectrally-pure, high frequency microwave photonic
references as well as optical clocks and other metrological devices.

Fig. 1. The Fabry-Perot cavity coupled to one (a,b) and two (c) distributed feedback (DFB) lasers. Panels (a) and (b)
show different projections of the cavity and one of the lasers. The opposite side of the cavity is open and its far field can be
analyzed with the near-infrared camera. In panel (b) a front window of the DFB TO-can laser is visible through the mirrors of
the cavity (the mirrors are reflective in the C-band only). Panel (c) depicts two lasers coupled to the same cavity. A rugged
aluminum frame hosts the Thorlabs thermally controlled laser diode mount (a black case with white "laser danger" mark), a
Fabry-Perot cavity (a white cylinder in the middle), and the coupling lens which matches the laser field with the high order
mode of the cavity. The optical phase between the laser and the cavity is not controlled. No optical isolators are used. The
optical elements are permanently mounted with a UV curable epoxy to a matched glass plates.

3. Kerr Comb Microwave Photonic Oscillators

Kerr comb microwave photonic oscillators are among the best in generation of spectrally pure microwave
signals on a chip [6,7]. We recently shown that using a Kerr comb generated in a MgF, WGM resonator with
Q-factor exceeding 10° one can generate W-band microwave frequency signals with phase noise approaching
—120dBc/Hz at 10 kHz frequency offset [4]. The observation paves the way towards realization of the
miniature microwave photonic frequency generators and synthesizers at higher carrier frequencies. If compared
with previous demonstrations by proper scaling of the phase noise, the phase noise demonstrated here is a
few dB lower at 10 kHz offset and has comparable characteristics at lower and higher spectral frequencies.
To our knowledge, this is the best phase noise achieved in the free running Kerr frequency comb microwave
photonic oscillators.
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Self-organization of lasing modes in chaotic billiard lasers

Takahisa Harayama* 1T

Abstract: I will show self-organized formation of lasing modes in three cases: Uniform and selective pumping
in fullychaotic billiard lasers, and partially-chaotic asymmetric billiard lasers.

First, I will show the universal single-mode lasing in fully-chaotic billiard lasers: At least one single-mode
lasing state is stable, whereas all multi-mode lasing states are unstable, when the external pumping power
is sufficiently large and the billiard size is much larger than the wavelength. These phenomena arise from
the combination of two different nonlinear effects of mode-interaction due to the active lasing medium and
deformation of the billiard shape.

Second, by numerical simulation of a fully-chaotic billiard laser with the selective pumping where the
pumping region is limited to the narrow area covering a short unstable periodic ray orbit, I will show that
the resonance wave functions cooperate to localize the light intensity of the stationary lasing state along
the periodic ray orbit in the self-organized manner that realizes an optimal intensity pattern for getting
the external pumping energy efficiently. In spite of no scars in cold cavity resonance modes, locking of the
resonance modes enables the localization along the short unstable periodic ray orbit. We call this localized
stationary lasing mode “nonlinear scar mode” in order to make it distinguished from a cold cavity linear scar
mode.

Finally, I will show clockwise (CW) and counter-clockwise (CCW) chiral lasing modes as the locked state
of a chiral pair of non-orthogonal resonance modes in a partially-chaotic billiard laser. From the view-point
of laser dynamics, I will explain that the only the CW or CCW chiral mode becomes a stable lasing state at
the exceptional point.
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Stimulated Raman lasing and second harmonic generation in
lithium tetraborate whispering gallery mode resonators

Chengcai Tian'?3, Florian Sedlmeir'?, Petra Becker, Ladislav Bohaty*, Richard Blaikie'*3

and Harald G. L. Schwefel''** CT

Abstract: We investigate the relatively uncommon, but promising lilthium tetraborate (LB4) as host material
for whispering-gallery mode resonators since it has a high transparency in the visible and UV regime, strong
Raman gain, and second order nonlinearities.

1. Introduction

Whispering gallery mode resonators (WGMRs) crafted from low-loss dielectric materials, such as lithium
tetraborate (LB4) [1,2], exhibit exceptional confinement of light near the surface through total internal
reflection. This allows for remarkably high ) factors and compact mode volumes, making them suitable for
enhancing nonlinear effects 1], such as stimulated Raman lasing and second harmonic genratic (SHG). Up to
now LB4 has not been widely used as WGMR, besides recent impressive results of SHG by Fiirst et al. |2].
Here, we report the fabrication of a millimeter sized - and z-cut LB4 WGMRs, with @ factor (2 x 10°
at 517nm) in z-cut WGMRs. The Raman gain of LB4 is about 1.8 cm/GW [3], two orders of magnitude
larger than that of silica [4] and we can report cascaded stimulated Raman scattering (SRS). Moreover, its
second-order (x(?)) nonlinear coefficients ds; and dss are 0.5pm/V and 3pm/V, respectively [5]. Using cyclic
phase matching [6], a broadband SHG at 258 nm 397 nm, and 780 nm in z-cut LB4 WGMRs can be observed.
2. Results

We fabricated our LB4 WGMR from a (001)-orientated LB4 wafer, grown by some of us [3]. A precursor
disc was first drilled out of this wafer using a hollow brass drill bit and water-based 30 pm diamond slurry.
Subsequently, the disc was shaped on an air-bearing lathe via single-point diamond turning [7|. After cutting,
the preliminary WGMR was polished using different-size diamond slurry. The resulting z-cut LB4 WGMR
has a major radius R = 2.97mm + 0.0l mm and a minor radius r = 2.30 mm 4 0.01 mm. The z-cut WGMR
has a major radius of 1.45mm =+ 0.01 mm and a minor radius of 0.90 mm 4 0.01 mm.

2.1 Cascaded Raman scattering in z-cut WGMRs

Cascaded SRS peaks with wavenumber difference about 720 cm™! up to fourth order are observed in a z-cut
WGMR on a spectrometer (Oceanoptics) when excited by a tunable laser at 517 nm. The spectrum is shown
in Fig. 1(a). The saturated peak in Fig. 1(a) is the pump laser. The SRS peaks are located at 537.1 nm,
558.8 nm, 582.4nm, and 608.2 nm, respectively. The inset in Fig. 1 (a) shows a photograph of the cascaded
SRS signal captured with a USB camera after the optical grating. Fig. 1 (b) shows the first order SRS
intensity changes with the absorbed power, indicating the threshold is about 0.69 mW.

2.2 SHG in z-cut WGMRs

In an z-cut WGMR made from uniaxial crystals with its optic axis lying within the plane of the equator, cyclic
phase matching takes advantage of oscillating refractive index of the transverse-magnetic (TM) mode [8]. This
spatial refractive index modulation in an z-cut WGMR allows negative uniaxial crystals, such as BBO [6] and
here LB4, to achieve broadband phase matching within the transparency window of the nonlinear materials [6].
Our z-cut LB4 WGMRs have quality (Q) factors in the order of 107 at all pump wavelength. Exploiting a
cubic z-cut LB4 prism as a second outcoupling prism, selective outcoupling of SHG is achieved [9]. which
improves the SHG conversion efficiency by a factor of two, and detect SHG signals at 780 nm, 397 nm and
258 nm. Table 1 summarizes the @ factors and conversion efficiency of SHG in our LB4 WGMRs.
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Fig. 1. Left panel: Cascaded SRS in LB4 WGMR under critical coupling. Inset: the four SRS signals after the optical

grating, of which the first two orders are saturated in the center due to the high absorbed pump power (7mW). Right Panel:

First order SRS intensity changes with the absorbed power in fundamental mode (dots with 5% error bar), the inserted dashed
line is the fitting curve when the pump is larger than the threshold P;js, of which the slope is the slope efficiency of SRS.

Table 1: Summary of second harmonic (SH) generation for three different pump
wavelengths: maximum incident pump power (P;”“x), maximum second
max

harmonic (SH) power (Pg”), the @ factor of the pump mode, and
conversion efficiency (Psg/ Pp2) per mW incident pump power

wavelength o P ¢r" SH wavelength  Pgsp/ P?
m) QR ) W) ) (/W)
1560 4.8 1.05 0.19 780 0.016
795 2.0 7.83 10.51 397 0.021
517 6.7 10.49 133.60 258 0.129
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Implementing Non-Euclidean Microcavity in 2D Flat space
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Abstract: Non-Euclidean optical microcavities are demonstrated as flat photonic devices using transformation
optics. Although the devices have a planar structure, they possess the optical characteristics of non-Euclidean
microcavity resonators.

Introduction
Recently, due to advancements in fabrication technologies, research into 2D optical resonators implemented
in topologically curved spaces(non-Euclidean microcavity) has been actively studied|1,2]. These studies are
not only of great significance in theoretical physics but could also potentially lead to dramatic improvements
in photonic devices by tailoring the properties of the topological spaces in which the devices are embedded.
However, although fabricating devices on topologically curved substrates is useful as a testbed for understanding
the properties of 2D resonators on curved surfaces, it is practically difficult to apply these devices in industrial
applications since most commercial photonic devices are implemented on flat substrates using semiconductor
fabrication technologies.

Here, we have demonstrated non-Euclidean microcavities characterized in 2D curved space, implemented
as flat photonic devices using transformation optics. [3-6]. Although the devices have a planar structure, they
possess the optical characteristics of non-Euclidean microcavity resonators.

Fig. 1. Schematic of non-Euclidean optical microcavitird demonstrated as flat photonic devices.
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Fully integrated, ultrahigh-sensitivity cavity optomechanical
ultrasound sensors

Xuening Cao'?, Hao Yang'?, Min Wang'?, Zu-Lei Wu'?, Qi-Fan Yang® and Beibei Li">*
IT

Abstract: We demonstrate a fully integrated, ultrahigh-sensitivity optomechanical ultrasound sensor using a
Si02 membrane with a Sig Ny ring resonator embedded inside. An ultrasound sensitivity of 9.6nPaHz /2
has been achieved in the water environment. (C) 2024 The Author(s)

1. Introduction

Ultrasound sensing is widely adopted in various applications, including medical imaging, non-destructive
testing, underwater acoustics, and industrial process monitoring. Conventional ultrasound transducers,
typically based on piezoelectric materials, have been widely used in these applications. However, these
transducers face challenges in terms of miniaturization, integration, and sensitivities, which restrict their
applications in scenarios that require compactness and high resolutions. Recently, ultrasound sensors based
on optical microcavities have been developed, which provide the advantages of high sensitivities, broad
bandwidth, low power consumption, and chip-integration capabilities to meet the needs of a wide range
of applications [1]. Currently, researchers have obtained noise equivalent pressures (NEP) on the order of
uPaHz_l/ 2 using optical microcavities. However, most of these highly sensitive microcavity ultrasound sensors
necessitate tapered fiber coupling, which brings considerable challenges in integration and mass production
[2-4]. Furthermore, on-chip integrated optical microcavity ultrasound sensors have been developed, but their
substrate limits their mechanical response, resulting in NEPs at the mPa Hz~'/2 level [5-7].

In this work, we propose and demonstrate a novel integrated, high-sensitivity optomechanical ultrasound
sensor (Figs. la-1c) consisting of a suspended SiOg membrane and an embedded Sig N4 microring resonator.
The device is fabricated using CMOS-compatible processes including electron-beam lithography (EBL) and
reactive ion etching (RIE) to fabricate the Sis Ny microring in the front side, and deep-RIE to etch the silicon
underneath the microring. Due to the mechanical resonance enhanced response of the SiO2 membrane and the
optical resonance enhanced readout sensitivity of the high- @ Si3 N4 microring resonator, this sensor achieved
a NEP of 9.6nPaHz /2 in the water environment (Fig. 1d). We further apply the sensor for ultrasound
imaging in water, achieving a spatial resolution of 1.34 mm (Fig. le). This fully integrated, high-sensitivity
ultrasound sensor opens new possibilities for a range of applications such as underwater ultrasound imaging,
photoacoustic imaging, etc.
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Fig. 1. a, Schematic of the integrated ultrasound sensor. b, Photograph of the encapsulated sensor. ¢, Optical microscope
image of the suspended membrane with an embedded microring. d, NEP spectrum of the ultrasound sensor in water. e,
Demonstration of the ultrasound imaging of the sample in water.
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Whispering gallery mode resonator based on PMN-PT single
crystal
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Abstract: Electro-optic and inverse piezoelectric effects are used to achieve effective regulation of the
resonance frequencies of PMN-PT based WGMR and the modulation efficiency up to 0.16GHz/V, which is
ten times that of LN.

1. Introduction

The resonance frequency of whispering gallery mode resonators (WGMRs) is a significant parameter of the
resonator. We report the fabrication of PMN-PT optical resonators, which is polarized by high-temperature
methods to decrease the number of domain walls in [001]-oriented PMN-PT crystal. Additionally, we also have
proposed a scheme that uses the electro-optic (EO) and inverse piezoelectric effects of tetragonal PMN-PT
to achieve resonance frequency tuning in the WGMR. When applying an electrical field on the PMN-PT
resonator, the frequency detuning is flexibly controlled by changing the refractive index and the size of the
resonator. Notably, compared with LN resonator, we find the frequency tuning range of PMN-PT resonator is
ten times than that of LN resonator. Moreover, the asymmetric phenomenon appears in different wavelength
scan directions, and a hysteresis phenomenon appears when applied a huge voltage, which are caused by the
photorefractive effect. Our work shows that PMN-PT is a potential platform material for the application of
frequency-tunable and electro-optic modulation devices.

2. Results
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Fig. 1. Induced resonance frequency shift of the PMN-PT(LN) resonator as a function of the applied voltage, where

the experimental data are shown as red (blue) points, and the pink (blue) line is a linear fitting, with a slope of 0.159GHz/V
(0.0167GHz/V).
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3. Summary

The resonance frequency can be controlled by applying an electric field to the surface of the resonator. The
asymmetrical resonance modes and a hysteresis phenomenon caused by photorefraction have been observed
in PMN-PT resonators.. Excellent EO and inverse piezoelectric effects enable PMN-PT resonators to have
greater resonance frequency tuning capability under low power consumption, which makes it widely used in
the field of frequency tunable devices.
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Kerr solitons in fiber cavities — past and present
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Abstract: We review the history and future prospects for the generation of Kerr cavity solitons in passive
optical fiber cavities.

The temporal cavity soliton (CS) was first demonstrated in 2010 in a macroscopic fiber cavity [1]. The
demonstration of CSs in optical microresonators followed in 2014 [2], sparking a surge of interest in these
remarkable nonlinear dissipative optical structures [3]. In this talk, we discuss how measurements of CS
properties and interactions are often simpler in macroscopic fiber cavities and share some notable results
(refer to Figure 1). We will also evaluate the performance of fiber cavities with dimensions approaching those
of an optical microresonator which facilitate the generation of CS combs with GHz line-spacings.
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Fig. 1. (a) Direct measurement of a temporal CS in a fiber cavity using a ps resolution optical sampling scope [4],
long-range ultra-weak interaction between adjacent CSs measured over 2 minutes [5], 4700 optical bits stored as CSs circulating
in a fiber cavity [4]. Pulse-driven normal-dispersion switching wave combs measured at different desynchronizations in sub-meter
length fiber cavity [6].
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All-optical injection Locking of Dissipative Breather Solitons in
Microresonators
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Abstract: We experimentally and numerically show that oscillation frequency of dissipative breather solitons

generated in a chip-integrated microresonator can be all-optically synchronized to an injected reference laser.
(©) 2024 The Author(s)

Temporal cavity solitons are localized pulses of light that circulate indefinitely around a coherently driven nonlinear
optical cavity. Their experimental realization in optical microresonators sparks persistent interest because they are
associated with broadband and coherent optical frequency combs. Temporal cavity solitons also display rich nonlinear
dynamics, including oscillatory instability. Specifically, under suitable conditions, the solitons’ characteristics (e.g.
pulse width and energy) exhibit periodic oscillations. Such oscillating solitons are often called temporal dissipative
breathers, and they are related to Hopf bifurcations [1]. Temporal dissipative breathers were first observed in a fibre
ring resonator [2], and then in microresonators [3, 4].
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Fig. 1. Data from the experiment on the injection locking of breathing solitons. a A spectrogram shows the first harmonic
component of the soliton breather locked to the beat between the injected laser and the driving laser: 1 — Beat signal between
the driving laser and the injected laser; 2 — The locking range; 3 — Breather’s breathing first harmonic signal. b Locking range
dependence on injected laser amplitude (the square root of the power).

Recent research shows that the repetition rate of a stable temporal cavity soliton can be synchronized to an
external reference laser [5,6]. In these studies, the frequency of the reference laser injected into the microresonator is
placed sufficiently close to one of the soliton frequency comb lines, resulting in the entrainment of that comb line to the
reference laser. Thus, the comb line spacing becomes pinned by the driving laser and the reference laser. This causes
the repetition rate to be synchronized together with a reduction in the phase noise through optical frequency division.
Interestingly, stable temporal solitons are not the only localized structures that can be synchronized: recent experiments
show that the oscillating frequency of a dissipative breather can be synchronized by electrooptic modulation of the
driving power [7]. However, because the free-spectral range of typical chip-integrated microresonators ranges from tens
of GHz to THz, direct electro-optic modulation of the cavity driving field can only probe synchronization dynamics
around the driven mode. An all-optical scheme is required to achieve and explore synchronization around frequency
comb lines other than the driven mode, which could potentially reap the benefits of optical frequency division. However,
to the best of our knowledge, the synchronization of dissipative breathers to an externally injected reference laser has
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not yet been studied.

In this work, we demonstrate the first experimental realization of the all-optical dissipative breather synchroniza-
tion in microresonators by directly injecting a secondary reference laser into the microresonator. We show experimentally
that the breather’s oscillating frequency is entrained when the frequency of the reference laser is brought sufficiently
close to the optical (breather) sidebands around comb lines, thus enabling the control of the breathing frequency. Our
experiments are performed using a SizgIN4 microring resonator with an FSR of 1 THz. We drive the resonator at 1552
nm to generate a coherent frequency comb state that exhibits periodic oscillations with a frequency of about 160
MHz. We then inject a second (“reference”) laser into the resonator to explore synchronization. Figure 1(a) shows the
spectrogram measured when sweeping the injected reference laser across the breather’s first harmonic component near
the driving laser frequency. As can be seen, when sufficiently close to the breather’s natural oscillation frequency of
160 MHz, the harmonic component is entrained to the injected laser (emphasized by the red dashed line). We also
experimentally investigated the dependence of the locking range on the injected laser power, and found that the locking
range increases linearly with the square root of the injected laser power (i.e., the “injected amplitude”). Figure 1(b)
shows the linear trend between the injected laser amplitude and the breather injection locking range. To demonstrate
the capability of synchronization at comb lines that are not directly driven, we swept the injected laser across the comb
line frequency at 1569 nm. To probe whether the synchronization of the breathing frequency affects the frequency of
the comb line (and hence the soliton repetition rate), we utilized the method of optical heterodyne detection by mixing
the output light from the microresonator with a third laser whose frequency was close to the comb line frequency
of interest. Figure 2 shows the spectrogram obtained from the heterodyne measurement, where f0 is the comb line
frequency of 191 THz. The spectrogram shows clearly the synchronization of both the low- and high-frequency breather
sidebands (labeled by A and C respectively) as well as the comb line itself (labeled by B).
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Fig. 2. Heterodyne measurement: 1 — Injected laser trace; 2 — Comb line at 1569 nm; 3 — Breather’s optical sidebands.
The red arrow points to the direction of the injected laser sweep.

In conclusion, we have shown that the oscillation frequency of dissipative breather solitons can be synchronized to
an external injected laser in a microresonator when the injected laser is near the driving laser or comb line frequencies.
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Soliton Microcomb-based Point and Distributed Optical Fiber
Sensors

Baicheng Yao* IT

Optical sensing is crucial for information acquisition, forming the foundation of an optical information
networks. High-performance light sources are essential for effective sensing systems, and determine the sensing
configurations. The stability of the light source directly impacts the sensor’s signal-to-noise ratio, while
its multi-channel capability fundamentally enhances the information capacity of a sensing system. Soliton
microcavity optical frequency combs have shown remarkable potential in communication and metrology
applications due to their broad bandwidth, high coherence, natural wavelength division multiplexing, and
excellent integration capabilities. Our recent studies demonstrate that microcavity based soliton frequency
combs are also ideal light sources for driving both point and distributed fiber sensors, significantly enhancing
their functionality and performance [1,2]. In chemical sensing, we achieved selective single-molecule detection
of multispecies gas by locking symbiotic Kerr and Stokes solitons in a graphene-sensitized whispering-gallery
mode microcavity [3]. For fiber optic distributed sensing, dual soliton combs were used to excite Rayleigh
scattering in long-distance fibers, enabling high energy frequency division injection and ultra-sensitive acoustic
sensing with a sensitivity of 560 fe/ Hz!/? [4]. This approach also extends the sensing distance and resolves
coherent fading issues found in traditional single-frequency driving schemes. Additionally, by discretizing
the soliton comb across the entire chip, we demonstrated its ability to drive over 20 fiber optic microphone
arrays simultaneously, achieving free-space localization of sound signals and high-precision passive detection
of targets such as drones [5].
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Cavity-induced coupling of a handful of molecules
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Over the past two decades, we have achieved a high degree of mastery in studying fundamental nano-optical
interactions between single molecules and single photons. These include controlled coherent experiments
in the near field, far-field demonstration of efficient extinction, various nonlinear measurements as well as
single-molecule strong coupling in a microcavity. More recently, we have pursued projects, in which we
examine the cooperative coherent interaction of several well-controlled individual molecules via a common
photonic mode. In this talk, I present results from two different platforms, involving an open Fabry-Perot
microcavity and a microdisc resonator in a chip-based integrated circuit.
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Singular field in the nanogap of a plasmonic multimer antenna
excited by a circularly-polarized plane wave
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Abstract: By breaking the rotational symmetry of a plasmonic multimer antenna, we demonstrate that
a singular field localized in a nanogap can be excited by an incident circularly polarized plane wave either
resonantly or non-resonantly.

1. Introduction

Since Nye and Berry in 1974 [1] and Allen et al. in 1992 |2]|, phase singularities of electromagnetic waves
and optical vortex beams have been extensively studied and have enabled the demonstration of a remarkable
range of new phenomena. For instance, Laguerre-Gaussian beams have been employed to manipulate and
rotate micro- and nanoparticles, helically shape materials [3], control the chirality of chiral crystals [4], excite
exciton-polariton vortices and optically-forbidden electronic transitions [5], and generate a superfluid flow
[6]. However, the diffraction limit prevents us from focusing free-space optical vortex beams below the
microscale (in the visible and near-infrared wavelength range). To enhance the light-matter interactions
between singular electromagnetic fields and nanomaterials, molecules, or atoms, optical vortices must be
confined on a nanoscale. Deep-subwavelength light focusing may be achieved by exciting the localized surface
plasmon resonances of a plasmonic nanogap antenna. It was previously shown that an optical nanovortex, i.e.
a confined singular field, is generated in the nanogap of a plasmonic multimer nanostructure excited by an
optical vortex beam, provided that the multimer nanostructure is composed of a sufficient number of metal
particles [7].

2. Results and discussion

We demonstrate here that an optical nanovortex may be directly generated when two interlocked plasmonic
multimer nanostructures with a pi-phase-shifted optical response are excited by an incident circularly polarized
plane wave. For instance, two interlocked trimer nanostructures composed of nanorods with respectively
red-shifted and blue-shifted dipole resonances make it possible to form a nanovortex field when excited by
circularly polarized light with an intermediate wavelength. In this scenario, the weak, non-resonant excitation
of both kinds of out-of-phase dipole resonators introduces the phase difference needed to obtain a phase
singularity in the electric field localized in the central nanogap.

Designing a resonant nanovortex antenna with similar dipole resonators would require a 3D assembly
of nanorods, adding complexity to the fabrication process. To avoid such difficulty, a 2D resonant nanovortex
antenna may alternatively be designed by combining short and long nanorods with their respective dipole
and longitudinal quadrupole resonances tuned to the same wavelength. Although the longitudinal quadrupole
resonance cannot be directly excited by the incident plane wave, it is indirectly excited via evanescent coupling
with the dipole resonators. The phase shift introduced by this indirect coupling leads to the generation of a
phase singularity in the evanescent field confined in the central nanogap (see Figure 1).

3. Summary

In this work, we have shown that an optical nanovortex confined in the nanogap of a plasmonic multimer
antenna can be directly excited by an incident circularly polarized plane wave. Whereas a non-resonant
optical nanovortex may be obtained by using two interlocked multimer antenna with respectively red-shifted
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Fig. 1. (a) 2D nanovortex antenna composed of two interlocked gold trimer nanostructures (nanorod lengths: 440 nm and
175 nm; resonant wavelength: 890 nm). The resonant excitation of both dipole and longitudinal quadrupole modes generates
a quadrupole-like charge distribution around the central nanogap. (b) Electric field intensity and phase distributions of the
singular field generated in the nanogap under circularly polarized plane wave excitation.

and blue-shifted dipole resonances, resonant nanovortex antenna made of only dipole resonators require a
complex 3D architecture. Alternatively, a 2D resonant nanovortex antenna may be obtained by combining
dipole and longitudinal quadrupole resonators.
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Microcavity vibrational spectroscopy for single-cell fingerprint-
ing

Shui-Jing Tang* IT

Abstract: Natural vibrations of mesoscopic particles — including most biological cells — have remained hidden
from existing technologies. Here we demonstrated the real-time measurement of natural vibrations of single
mesoscopic particles using an optical microresonator, extending the reach of vibrational spectroscopy to the
megahertz-gigahertz frequency window.

It is first discovered by Pythagoras that the vibrations of strings are drastically enhanced at certain frequencies,
which forms the basis of our tone system. Such natural vibrations ubiquitously exist in objects regardless of
their size scales and are widely utilized to derive their species, constituents, and morphology. For example,
molecular vibrations at terahertz rate have become the most common fingerprints for the identification
of chemicals and structural analysis of large biomolecules. Recently, natural vibrations of particles at the
mesoscopic scale have received growing interest, since this category includes a wide range of functional
particles, as well as most biological cells and viruses. Extending the concept of vibrational spectroscopy to the
mesoscopic world enables interrogating structures and mechanical properties of particles in a non-destructive
way|1]. However, natural vibrations of mesoscopic particles — including most biological cells — have remained
hidden from existing technologies|2|. These particles with sizes ranging from 100 nm to 100 pm are expected
to vibrate faintly at megahertz to gigahertz rates[3|. This frequency regime could not be resolved by current
Raman and Brillouin spectroscopies due to strong Rayleigh-wing scattering, while the performances of
piezoelectric techniques that are widely exploited in macroscopic systems degrade significantly at frequencies
beyond a few megahertz.
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Fig. 1. Top: Natural frequencies of representative objects across different scales. Bottom left: Artist’s view of
microresonator-enabled single-particle vibrational spectroscopy. Bottom right: Measured natural frequencies of three types of
microbial cells.

Here, we demonstrated the real-time measurement of natural vibrations of individual mesoscopic particles using
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an optical microresonator, extending the reach of vibrational spectroscopy to the megahertz-gigahertz frequency
window[4]. Conceptually, the vibrational modes of the particles are stimulated photoacoustically by laser
pulse absorption, and coupled to optical resonances by stimulating acoustic waves within the microresonator.
With the formation of whispering galleries through total-internal-reflections, the microresonator offers high-Q
optical resonances that respond to acoustic waves in real time[5]. The concept of microcavity vibrational
spectroscopy (MVS) was verified by measuring mesoscopic particles with different constituents, sizes, and
internal structures, showing an unprecedented signal-to-noise ratio of 50 dB and detection bandwidth over 1
GHz. Using this new technology, we have further demonstrated biomechanical fingerprinting of the species
and living states of microorganisms at the single-cell level. Specifically, we used MVS to measure three types
of microorganisms, cyanobacteria, Aspergillus sydowii, and Aspergillus niger, in the atmospheric environment.
It was observed that microorganisms of the same species exhibited bunched natural frequencies, forming
unique fingerprints due to the highly defined and stable morphology of certain biological species. Additionally,
the spectral information, including natural frequencies and mechanical quality factors, provides a measure of
the viscoelastic properties of cells.
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Ultrafast Nonlinear Photonics on Thin Film Lithium Niobate
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Abstract: Lithium niobate (LN) is an excellent nonlinear photonic material due to its large electro-optic (EO)
coeflicient, second order (X(Q)) and Kerr (X(3)) nonlinearity, along with a wide optical transparency window.
Thanks to the recent advances in nanofabrication technology, monolithic LN waveguides with high optical
confinement and ultralow linear loss has been achieved, which was critical to the success of the silicon-based
platform in the past decade. Highly efficient and controllable light-matter interactions can be achieved using
optical, electrical, or mechanical waves at extremely compact footprints. In this talk, I will review our recent
developments of 1) optical frequency combs, 2) generation and measurement of ultrafast optical waveforms,
and 3) mid infrared optics on thin-film LN nonlinear platform. Combination of multiple nonlinearities of
LN unlocks ultrabroadband electromagnetic spectrum from microwave to mid-infrared. Lastly, I will discuss
the potential of LN photonic platform for scaling up and accelerating classical and quantum technologies in
sensing, photonic computing, and communication networks.
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Modular sub-Hertz linewidth laser self-injection-locked to a
whispering-gallery-mode resonator

Fangzin Zhang“*, Ziji Cai'?, Bowen Ruan' CT

Abstract: We propose a modular Self-injection locking laser to address packaging difficulty and diode
degeneration problem in SIL lasers. By stabilizing whispering-gallery-mode resonator and active control, 0.93
Hertz linewidth and 7*24 hours mode-hopping-free operation are achieved.

1. Introduction

Self-injection locking(SIL) technology is an efficient technique to stabilize laser by utilize an external resonator,
which is used to reduce phase noise and frequency noise|[1,2|. People tried package the external resonator and
DFB in a small box to improve robustness, Liang et al. reported a heterogeneously integrated, chip-scale
diode laser stabilized by SIL to a crystalline whispering-gallery-mode(WGM) microresonator [3]. Although
the those WGM-SILs demonstrate exceptional performance in terms of ultra-low frequency noise and compact
form factor, its hybrid package structure necessitates intricate precision micro-assembly and chip packaging
techniques. Furthermore, the degradation of the laser module resulting from the aging of the laser diode,
which typically has a lifespan around tens thousands hours, should not be disregarded. A direct solution
to these disadvantages is to construct SIL laser in a modular manner, with every component packaged as a
replaceable module and connected to others by fiber. Hertz-level linewidth has been attained [4] by adopting
an all-fiber add-drop configuration, using feedback of MgFo, WGM resonator to stabilize a multi-longitudinal
mode fiber laser. However, the locking phase affected by the microresonator resonant frequency and the
round-trip time from laser to microresonator , was susceptible to ambient disturbance, which impacts its
long-term stability.

In this work, we assembled a modular SIL laser, and each component is packaged as a replaceable fiber
compatible module implemented. By utilizing Rayleigh feedback from the WGM resonator and active control
to the feedback phase delay, the multi-longitudinal mode fiber laser achieves stabilization, resulting in a 0.5
Hertz linewidth and long-term stability output.

2. Experiment & Results

Experimentally, we assembled a modular SIL laser with a commercial laser diode (Box Optronics Tech,
BFLD-1550-10SM-FA2-N0) and a homemade packaged resonator device in Fig.1(a). The resonator is formed
on a milimeter-sized silica rod, which is packaged in a copper box with polyetheretherketone liner (shown
in the inset of Fig. 1(b)). The quality factor of the resonator after packaging is 4x108, determined by
characterizing the resonant linewidth in Fig. 1(b). Pump light coupled into the resonator through a fiber
taper, and the random inhomogeneities in the resonator induce Rayleigh backscattering, which injected into
the laser diode, serving as optical feedback. The fiber between the diode and the resonator is packaged,
to isolate the ambient thermal and mechanical perturbation and keep the phase delay stable. These three
modules (diode, fiber, and resonator) are fixed in an aluminum box, and thermoelectric coolers are placed
under the fiber and resonator module. The instantaneous linewidth of the laser is 0.5 Hz. The phase noise of
our modular SIL is 60dB lower than free-runing DFB, also lower than NKT E15, which is shown in Fig. 1(c).
To further reduce the influence of environment disturbance, we monitor the system operation state through
the output power and apply feedback control to the phase delay. With initial parameters tuned to the optimal
point, the output power rise indicates the deviation from the optimal caused by unknown perturbation. The
photodetector records the power increase and sends the signal to a servo controller, changing the temperature
of the fiber module, thus pull the system back to the optimal state. The long-term stability of the laser is
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significantly improved by the implementation of this feedback control. In the test duration of 7*24 hours, no
mode hopping is observed.
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Fig. 1. (a) Schematic of the modular SIL laser. The inset shows the package structure of the resonator. (b) Characterization
of the resonator Q-factor after packaging. (c) The phase noise of the modular SIL laser and compared to DFB and NKT E15.

Designing a resonant nanovortex antenna with similar dipole resonators would require a 3D assembly of
nanorods, adding complexity to the fabrication process. To avoid such difficulty, a 2D resonant nanovortex
antenna may alternatively be designed by combining short and long nanorods with their respective dipole
and longitudinal quadrupole resonances tuned to the same wavelength. Although the longitudinal quadrupole
resonance cannot be directly excited by the incident plane wave, it is indirectly excited via evanescent coupling
with the dipole resonators. The phase shift introduced by this indirect coupling leads to the generation of a
phase singularity in the evanescent field confined in the central nanogap (see Figure 1).

3. Summary

In this work, we have shown that an optical nanovortex confined in the nanogap of a plasmonic multimer
antenna can be directly excited by an incident circularly polarized plane wave. Whereas a non-resonant
optical nanovortex may be obtained by using two interlocked multimer antenna with respectively red-shifted
and blue-shifted dipole resonances, resonant nanovortex antenna made of only dipole resonators require a
complex 3D architecture. Alternatively, a 2D resonant nanovortex antenna may be obtained by combining
dipole and longitudinal quadrupole resonators.
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Steering complex dynamics in anisotropic and coupled micro-
cavities

Lukas Seemann', Angelika Knothe?, and Martina Hentschel'*, IT

Abstract: The progress in the fabrication of mesoscopic microcavities for both light and electrons opens
new methods to control and steer their dynamics. Here, we focus on anisotropic cavities, realizable in
metamaterials or bilayer graphene, and coupled microsystems. (C) 2024 The Author(s)

Mesoscopic systems for electrons and photons do not only open the path to new applications such as
microcavity lasers, but at the same time have proven to be rich and interesting model systems for the
field of quantum chaos or testing ray-wave correspondence that allowed for a deeper understanding of their
dynamics. A system class studied intensively over the past decades are graphene systems [1]|, where ray-wave
correspondence in Dirac fermion optics was confirmed |[2].

Bilayer graphene systems allow to incorporate anisotropies into the system, namely via the trigonal
warping of the Fermi line that occurs for suitable choices of parameters. This is illustrated in Fig. a). The flat
side of the Fermi line indicate the preferred propagation directions, that form triangular orbits as indicated in
Fig. b). As a consequence, the Poincar “e surface of section develops new features, even for a circular cavity.
The anisotropy destroys the whispering gallery modes that dominate the dynamics in isotropic microdiscs,
as shown in Fig. c¢). Here the trajectory intensity was taken into account by accounting for the electronic
properties of bilayer graphene and deducing generalized Fresnel coefficients [3]. The formation of islands
corresponding to the triangular orbits is clearly visible, while the whispering-gallery orbits eventually are lost
in the chaotic see.
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Fig. 1. The presence of anisotropies converts the phase space of a circular cavity into a mixed dynamics. a) Triangularly
warped Fermi line typical for bilayer graphene. b) Trajectories built from the three preferred propagation directions. c)
Intensity-weighted Poincar ‘e surface of section for an open Fermion optics billiard of circular geometry realized in bilayer
graphene.
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An interesting subject is to study the interplay between deviations from the circular geometry in real
and in phase space, by investigating deformed microdisks subject to different degrees of anisotropy [4].We will
illustrate how the phase space can be fine-tuned by controlling the external parameters available in bilayer
graphene. For example, we find that Whispering-gallery modes can be stabilized by the formation of larger
islands in the Poincaré surface of section under certain conditions.

In an outlook, we will briefly discuss the impact of anisotropies in optical mesoscopic systems. We will
also introduce how the dynamics of photons can be controlled in coupled cavities [5] over surprisingly large
distances between them.
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Nonlinear optical encoding with a linear scattering cavity

Hui Cao* IT

Abstract: We exploit the passive nonlinear mapping inside a multiple-scattering cavity for rapid optical
information processing. High-order structural nonlinearity fosters the generation of low-dimensional latent
feature space and facilitates strong data compression to enhance computing performance.

1. Introduction

Optical information processing and computing can potentially offer enhanced performance, scalability and
energy efficiency. However, achieving nonlinearity—a critical component of computation—remains challenging
in the optical domain. Here we introduce a design that leverages a multiple-scattering cavity to passively
induce optical nonlinear random mapping with a continuous-wave laser at a low power. Each scattering
event effectively mixes information from different areas of a spatial light modulator, resulting in a highly
nonlinear mapping between the input data and output pattern. We demonstrate that our design retains vital
information even when the readout dimensionality is reduced, thereby enabling optical data compression.
This capability allows our optical platforms to offer efficient optical information processing solutions across
applications. We demonstrate our design’s efficacy across tasks, including classification, image reconstruction,
keypoint detection and object detection, all of which are achieved through optical data compression combined
with a digital decoder. In particular, high performance at extreme compression ratios is observed in real-time
pedestrian detection. Our findings open pathways for novel algorithms and unconventional architectural
designs for optical computing.

2. Multiple-scattering cavity

2.1 Structural nonlinearity

We investigate the nonlinear mapping between a reconfigurable disordered potential and emerging light of a
multiple-scattering cavity. Note that the multiple-scattering-induced nonlinear mapping is fundamentally
different from the conventional nonlinear optics based on intrinsic material response. At low optical power
where the intrinsic nonlinear material response is negligible, the output field depends linearly on the input
field. However, due to multiple scattering of light, the output field has a nonlinear dependence on the
scattering potential. Such nonlinear mapping is realized experimentally with an integrating sphere with rough
inner wall (Fig. 1). One of the opening is covered by a switchable digital mirrors device (DMD), which
provides reconfigurable scattering potential. A continuous-wave, linearly polarized laser is coupled into the
integrating sphere. Input light is scattered multiple times inside the integrating sphere by the rough wall and
the switchable micromirrors. The outputs light from the third opening is directed to camera, which records
the speckle intensity pattern for a specific DMD configuration. The change of output speckle pattern due
to variation of scattering structure is nonlinear, this is called structural nonlinearity [1]. Such nonlinearity
can be easily tuned experimentally by varying the modulation area on the DMD. A larger area have higher
chance of interacting with light, experiencing more light scattering, leading to higher order nonlinearity.

2.2 Computing tasks

Increasing nonlinear order facilitates data compression [2]. One example is the keypoint detection in human
faces, which has applications in facial recognition, emotion detection, and other human-computer interaction
systems. We record 16 output speckle grains to achieve a compression ratio of 576:1 in Fig. 2a. Another
example is the real-time video analytics, using the benchmark dataset known as Caltech Pedestrian, including
real-time video recordings (Fig. 2b). Using our multiple-scattering cavity, we can compress the video and use
only 25 speckle grains to encode each frame. Then we train a light-weight digital decoder to detect and track
pedestrians with high accuracy [2].
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Fig. 1. Experimental setup. A frequency-tunable continuous-wave fiber laser is coupled via a single-mode fiber to an
integrating sphere with an inner static rough boundary. A two-dimensional (2D) digital-mirror-array (DMD) covers one of the
sphere’s ports. Light is scattered multiple times inside the integrating sphere by its static boundary and the reconfigurable
mirror array. Through a small opening, light leaks out of the cavity, and its intensity pattern is recorded by a digital camera.
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Fig. 2. Nonlinear optical encoding using the multiple-scattering cavity to perform computing tasks of keypoint detection
in human faces in (a), and real-time video analytics in (b).

3. Summary

We have leveraged multiple scattering of light in a passive cavity to achieve high-order nonlinear response at low
power. It is used for implementation of optical neural network and data compression. Our multiple-scattering
cavity serves as an optical nonlinear encoder with optimal and adjustable nonlinearity for various computing
tasks. We demonstrate the enhancement of computing performance in optical image classification, image
reconstruction, keypoint detection, and object detection.
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High-order exceptional points in systems of waveguide-coupled
microring cavities

Julius Kullig,"* Daniel Grom,' Jan Wiersig' CT

Abstract: We study waveguide-coupled microrings at higher-order EPs under generic and non-generic
perturbations leading to interesting cavity-selective behavior. Intuitive analysis of the modes is given by a
graph-theoretical approach. (C) 2024 The Author(s)

1. Introduction

Optical microcavities are ideally suited to study non-Hermitian physics of open systems [1]. One among
the plethora of interesting effects in these systems are exceptional points (EPs) [2]. EPs are points in the
parameter space marking a special type of degeneracy where two or more eigenvalues (frequencies) and
simultaneously the involved eigenstates (modes) coalesce. The order of an EP represents the number of
coalescing eigenvalues and eigenstates. For practical relevance is not only the EP itself but also the system’s
behavior in its vicinity. If an EP of order N is perturbed in a generic way the eigenvalues split according to
the Nth complex root [3]. This splitting is always larger compared to the linear splitting of a conventional
degeneracy if the perturbation is small enough. On the one hand, this property gives rise to interesting sensing
applications but on the other hand it results in tight error margins on fabrication tolerances of EP-based
sensors. To circumvent this challenge the concepts of EP-surfaces has been introduced [4]. The idea is to
make the EP immune to changes of certain parameters that correspond to fabrication and at the same time
keep the EP-enhanced sensitivity to desired detectable perturbations.

In our work we iterate the ideas of Refs. [4,5] to construct intuitively a higher-order EP within an
EP-surface [6]. We show that systems of waveguide-coupled microrings allows for a cavity-selective sensing
scheme based on generic and non-generic perturbations. We analyze the eigenvalue braiding and give a
graph-theoretical approach to the EP-based sensing.

2. EPs in waveguide-coupled microrings

Microring cavities exhibit degenerate pairs of clockwise (CW) and counter-clockwise (CCW) propagating
waves. Via attached waveguides a coupling between the CW and CCW waves of different cavities can be
introduced in an unidirectional way which can already lead to EPs [5]. With an additional asymmetric
coupling introduced via a mirror at one waveguide end the order of the EP can be increased. A mode in
such a setup is shown in Fig la. Here, six modes according to the (C)CW propagating waves in the three
microrings coalesce into a single eigenstate that is a purely CCW wave in the most lower cavity.

2.1 Cavity-selective sensing

If the system in Fig. la is perturbed by a test-particle (TP) the eigenfrequencies ;, i = 1,...,6, diverge
according to a six-order-root when the radius rrp of the TP is increased. This splitting can be quantified by
AQ = max; j [€; — Q;]. As shown in Fig. 1b the generic behavior is observed when the most lower cavity is
perturbed by the TP. Contrary, if the middle or upper cavity is perturbed by the TP a scaling of A2 is given
by a fourth-order and a square-root. Thus the strength of the splitting is cavity selective.

2.2 Eigenvalue braids

A TP is a natural but also a non-generic perturbation to the system: A TP targets a single cavity at a specific
angular position @Tp along the microring’s circumference. Hence, moving the TP along the microring results
in a quasi-periodic perturbation according to the azimuthal mode number of the involved modes. This leads
to an interesting interchange of eigenvalues, so-called eigenvalue braids, as shown in Fig. 2a-c.
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2.8 Graph-theoretical description

The behavior of the eigenvalues under a given (TP) perturbation can be understood intuitively from a
graphtheoretical point of view that reveals the relevant paths of light in the system [7]. Each CW and
CCW propagating wave in the microrings represents a node in a graph whereas the waveguides and the
TP-perturbation give rise to directed links between these nodes. Searching for the longest closed path in this
directed graph gives the scaling behavior of the splitting ASQ.
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Fig. 1. (a) Mode pattern in a setup of three waveguide-coupled microrings at an EP of order six. A gold mirror is placed at
the upper waveguide, right to the cavity. (b) The corresponding frequency splitting A is shown for a test-particle perturbation
at the (red dots) lower, (blue diamonds) middle, and (green triangles) upper cavity.
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Fig. 1. (a~c) Eigenvalue braids for the setup shown in Fig 1la with a TP moved along the circumference of a microring.
The TP is placed at the (a) lower, (b) middle, or the (c) upper cavity.
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PicoSNAP: towards the picometre-precise fabrication of WGM
microresonators and their applications

Gabriella Gardosi'*, Misha Sumetsky' 1T

We report recent advancements in the development of picometer-precise SNAP technology crucial for a
range of important optical, microwave, and industrial applications. Techniques include CO2 laser annealing,
femtosecond laser inscription, slow cooking, and fibre bending.
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Frequency conversion in optomechanical microresonators

Zhen Shen*, Chun-Hua Dong CT

Abstract: Here, we develop a hybrid platform consisting of a magnomechanical cavity and an optomechanical
cavity. By harnessing the excellent tunability of magnons, we have achieved tunable microwave-optical
conversion and phonon interference.

1. Introduction

Mechanical degrees of freedom, which have often been overlooked in various quantum systems, have been
studied for applications ranging from quantum information processing to sensing. Here, we develop a hybrid
platform consisting of a magnomechanical cavity [1] and an optomechanical cavity, which are coherently
coupled by the straightway physical contact. The phonons in the system can be manipulated either with
the magnetostrictive interaction or optically through the radiation pressure. Together with mechanical state
preparation and sensitive readout, we demonstrate the microwave-to-optical conversion with an ultrawide
tuning range up to 3 GHz. In addition, we observe a mechanical motion interference effect, in which the optically
driven mechanical motion is canceled by the microwave-driven coherent motion. Manipulating mechanical
oscillators with equal facility through both magnonic and photonic channels enables new architectures for
signal transduction between the optical, microwave, mechanical, and magnetic fields [2].
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Fig. 1. (a) Schematic of the device that consists of a YIG and a silica microsphere, which both support the mechanical
modes excited by the magnetostrictive interaction through magnons or the radiation pressure induced by the circulating optical
fields. Based on the straightway physical contact, the localized mechanical modes establish direct coupling. (b) Schematic of the
coupling between magnons, phonons, and photons and an intuitive illustration of the magnon, phonon, and photon mode.

2. Methods and results

The device used in our experiment, including the key components of the single-crystal YIG microsphere
and silica microsphere, is schematically shown in Fig. 1(a). The YIG microsphere supports a uniform
magnon mode with an external magnetic field H and the magnon can couple with mechanical modes through
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magnetostrictive interaction, which allows us to excite phonons in YIG microsphere by microwaves. Meanwhile
the optical and mechanical modes in the silica microcavity can be coupled through radiation pressure. Due to
the direct contact of the microcavities, the localized mechanical modes establish direct coupling, which also
induces the interaction between the magnons and photons. Our system enables new architectures for signal
transduction between the optical, and mechanical domains based on coherent coupling between photons,
phonons, and magnons, as shown in Fig. 1(b).

When the laser drive fixed at one mechanical frequency below the cavity resonance, the optomechanical
interaction can convert the coherent phonons into photons, thus achieving microwave-to-optical conversion.
Here, we fix the frequency of microwave signal to convert the phonon mode and the power of optical carrier.
Figure 2(a) plots the conversion efficiency as a function of the microwave drive power. As the microwave
drive power increases, the enhancement of the magnomechanical interaction leads to stronger mechanical
motion and higher conversion efficiency. The maximum conversion efficiency achieved in the experiment is
approximately 10-5. Figure 2(b) shows measured conversion efficiency for drive-resonance detunings varying
from -12.2 MHz to -18.2 MHz, which can be achieved only by changing the bias magnetic field to tune the
magnon resonance. The data demonstrates the important role of the magnon in the conversion process.
Since the external magnetic field can tune the frequency of the magnon, this corresponds to the tunable
microwave-to-optical conversion. By tuning the magnon frequency and the relevant microwave drive to
match drive-resonance detuning, we can realize 4 GHz — 7 GHz microwave conversion as shown in Fig. 2(c),
providing a great tenability compared to the previous scheme. 3. Summary
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Fig. 2. (a) The microwave-to-optical conversion efficiency as a function of the microwave drive power. (b) The normalized
conversion efficiency versus drive-resonance detunings. (c) The conversion efficiency as a function of the microwave signal
frequency (normalized to the efficiency of 4.8 GHz).

In summary, we have presented a magno-optomechanical platform in which a magnomechanical cavity is
in physical contact with an optomechanical cavity. Several effects have been demonstrated, including the
mechanical state sensitive readout and preparation with desired amplitude and phase, microwave-to-optical
conversion with tuning range up to 3 GHz, and the mechanical motion interference effect. Considering the
easily reached strong magnon-photon coupling in microwave cavities, phonon manipulation and microwave-to-
optical conversion can be achieved with lower power consumption. Our hybrid platform will find applications
in various fields, such as tunable slow light or delay lines in both microwave and optical domains, and quantum
signal transduction and sensing for quantum networks.

References

[1] G.-T. Xu#, M. Zhang#, Y. Wang, Z. Shen*, G.-C. Guo, C.-H. Dong*, “Magnonic frequency comb in the magnomechanical
resonator,” Phys. Rev. Lett. 131, 243601 (2023).

[2] 2. Z. Shen#, G.-T. Xu#, M. Zhang#, Y.-L. Zhang, Y. Wang, C.-Z. Chai, C.-L. Zou, G.-C. Guo, and C.-H. Dong*, “Coherent
coupling between phonons, magnons and photons,” Phys. Rev. Lett. 129, 243601 (2022).

Friday 29 November (11:50 - 12:10) 83



Keiji Sasaki - Topological control of localized electric fields in plasmonic nanocavities

Topological control of localized electric fields in plasmonic nanocav-
ities
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Abstract: We present the unique topological properties of the localized fields formed by tailored plasmonic
nanocavities. We show that the metal multimer nanocavity irradiated with circularly polarized beam generates
the nano-vortex field with the half-integer angular momenta. We also demonstrate that the transverse spin
loop can be generated around the nanocavity, which results in forming the electric-field-spin skyrmion
textures.

We have developed “optical nanoshaping” technique that can realize confining optical fields into nanocavity
beyond the diffraction limit and controlling the amplitude, phase, and polarization distribution of the nanolo-
calized fields. We designed the tailored plasmonic nanocavities composed of metal multimer surrounding a
nano-sized gap. The plasmonic nanocavities make it possible to localize the optical vortex fields into the
gap spaces with conserving the high-order orbital and spin angular momenta. Here, we present the unique
topological properties of the nano-localized plasmonic fields formed by metal multimer nanocavities. We show
that the nanomultimer irradiated with circularly polarized beam generates the nano-vortex field with the
half-integer total angular momenta corresponding to monopole, tripole, tetrapole, etc. which are categorized
to Mobius strip states (Fig. 1). We applied this topological plasmonic fields to chiral crystallization from
achiral compounds and succeeded in achieving giant crystal enantiomeric excess of sodium chlorate and
ethylenediamine sulfate (Table 1). We also demonstrate that the transverse spin loop can be generated around
the nanocavity (Fig. 2), and the energy flow simultaneously appears due to the spin-momentum locking
effect, which results in forming the electric-field-spin skyrmion textures above and below the nanocavity.
This nanoscale photonic spin skyrmion field is applicable to generation and control of magnetic skyrmion in
ferromagnetic, ferrimagnetic, and antiferromagnetic materials.

S 259 Ly i ] RS . - k] £lay)

Fig. 1. Spontaneous intensity distributions of localized nano-vortex field. T is the time of optical one cycle.

Table 1: Summary of d- and [-crystal generation numbers under G and LG laser beam irradiations, accompa-
nied by the crystal enantiomeric excess (CEE) values.
r-CP [-CP r-CP, r-OV [-CP, I-OV

d-crystal 18 8 7 18
[-crystal 7 17 18 7
Total trial 25 25 25 25
CEE (%) 44 -36 -44 44
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Fig. 2. Transverse electric spin loop formed around plasmonic tetramer nanocavity.
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Polarization entangled photons from a whispering gallery resonator
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Abstract: We implement the interferometric approach to the generation of polarization-entangled photon pairs using a
nonlinear whispering gallery mode resonator. The generated states are shown to span the |®¥) Bell states and violate the

Clauser—Horne—Shimony—Holt inequality by more than six standard deviations.

Whispering gallery mode (WGM) resonators provide an advantageous platform in nonlinear and quantum optics
owing to their high quality factor and small mode volume. They found numerous applications in technology as well
as in research science, see e.g. the review [1]. In particular, such resonators were successfully used for generating
quantum optical states, such as single- or two-mode squeezed light, or heralded single photons [2—4] via parametric
down conversion (PDC) of light. One remarkable aspect of these quantum light sources is that they can be easily
interfaced with atomic [5] or solid state optical transitions such as may be used in qubits implementations. This
aspect is enabled by the central wavelength and linewidth wide tunability of the WGM photon sources. It makes
their further development especially appealing in quantum information field, particularly targeting generation of the
polarization-entangled photon pairs.

Polarization entanglement has been one of the most productive discoveries in experimental quantum optics. It
enabled a plethora of important results, such as Bell’s inequalities violations, several quantum cryptography protocols,
quantum teleportation, and more. Generating polarization-entangled photon pairs matching narrow-line atomic or solid
state optical transition would be a next big step forward. But this task is difficult and may even appear impossible at
a first glance. Indeed, the WGM polarization is rigidly determined by the boundary conditions, and in most cases
either lies in the equatorial plane of the resonator, or is perpendicular to it. Polarization entanglement, on the other
hand, requires both polarization basis states to be accessible for each PDC signal and idler mode.

We circumvent this problem by using the interferometric approach to polarization entanglement, when the quan-
tum mechanical amplitudes comprising the entangled state are generated separately and combined in an interferometric
setup [6]. This approach may involve two different but coherently pumped PDC crystals [7], or two opposite pump
directions within the same crystal [8]. The latter approach can be easily adapted to a WGM resonator, where the
counter-propagating clockwise (cw) and counter-clockwise (ccw) WGMs are degenerate in frequency and perfectly
matched in mode geometry.
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Fig. 1. The experiment diagram.

A diagram of our experiment leveraging this approach is shown in Fig. 1. Here a lithium niobate WGM resonator
is pumped in both cw and ccw directions, and the horizontally polarized nondegenerate signal and idler photon pairs
are also emitted in two directions. The signals are separated from the idlers by dichroic mirrors (DM). The cw signal
and idler polarizations are rotated from horizontal to vertical with half-wave plates (HWP), and then combined with
the cew signal and idler on polarizing beam splitters (PBS). A state of the photon pair emerging from the PBSs is

- L
V2

where H and V represent the horizontal and vertical polarization, respectively, and the phase ® depends on the relative

|P) (1) + e vv))
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phase of the two pump beams and on the signal and idlers propagation path lengths. This phase is a priori unknown,
but it can be controlled with the piezo-actuated mirror in one of the signal beams, see Fig. 1. With this control, we
produce Bell’s [®1) and |®~) states

(IHH) +[VV)) - _ (HH) = |VV))
B S and [®7) = 7

identified by minimizing the coincidence rate with the polarizers Pol.1 and Pol.2 set at 6; ; = £45° to the V' and
H directions. The polarization entanglement is then demonstrated by measuring a nonlocal polarization correlation
function while co- and counter-rotating the signal and idler polarizers, as shown in Fig. 2a). This is the same
measurement that is traditionally used for the polarization entanglement demonstration. Importantly, in order to claim
the quantum entanglement as opposed to a classical correlation, the single counting rates by both detectors D1 and D2
must remain constant during the polarizers rotation. We have verified this to be the case, see Figs. 2b) and c).

27) =

% a? F — fitting

E 0 - . & a+8.=270"
< hY :'/_ A ;./'“ N _/‘-\ & 0-f=0
3 30 \ /& \ [\ 1N /

=] . { / \ / \

wn \ f \ . f \ fl
228 \ L s T \ % *®

T \ é \ f \ i \ J

=10 \ ! / A |

/ \ \ \
N/ A \./ /
PRI o S *t o 0 & iy H o

o

L IR S T T T U T S Y Y R IR I

N R 3 R

*
*e

Counts[kHz] Counts[kHz] Coinc
L= N ] = o

[=T0 S S

0 45 90 135 180 225 270 315 360
Idler polarization [deg]

Fig. 2. Demonstration of the polarization entanglement by recording the coincidence rate as a function of the polarizers’
orientation. The single counting rates remain constant.

In order to further prove its functionality, we used our polarization entanglement source to demonstrate a
violation of the Clauser-Horne—Shimony—Holt’s inequality [9]. This was done in two ways. In a direct way, the CHSH
observable S was constructed by measuring the coincidence rate at the optimum set of the polarizers angles 6; ; and
the classical boundary S <2 was tested. Alternatively, we derived the inferred violation from the interference fringe
visibility. In both approaches the magnitude of the classical realism violation exceeded six standard deviations.

Finally, we would like to point out that a version of the setup in Fig.1 can be used for studying the higher-
order quantum optical phenomena, such as generation of heralded photon pairs, or of four-photon entangled states.
Considering the high efficiency of the WGM-based PDC sources, the expected four-photon rate can be relatively high.
More importantly, the long coherence length of the generated photons will allow for construction of desired four-photon
states via the interferometric approach, similarly to the technique reported here. Our progress in this direction will be
reported elsewhere.
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Abstract: We develop a radiofrequency electric-field sensor utilizing a lithium niobate whispering-gallery-mode
microresonator. Being antenna-free, the detection sensitivity of the sensor is enhanced by the piezoelectric
resonances of the microresonator. Our theoretical derivation and experimental tests show that the detection
sensitivity can be maintained even the electric-field signal frequency is out of the optical resonance bandwidth,
as long as the sensitivity is limited by the laser frequency noise. (C) 2024 The Author(s)

1. Introduction

Recently, microwave electric-field sensors based on photonic-integrated-circuit microresonators have been
demonstrated [1|. Using the Pockels effect in lithium niobate (LN) for electric-to-optic transduction and the
Pound-Drever-Hall (PDH) technique for signal detection, the developed sensors have achieved an unprecedented
detection sensitivity of 5.2,V /(mv/Hz) with the resonant enhancement of dipole antenna. Despite of this
excellent performance, several related issues need to be further investigated to bring out the full potential of
this opticalmicroresonator-based scheme. While it is intuitive that increasing the quality factor (@) of the
optical microresonator can improve the sensitivity, the prevailing belief is that the sensing bandwidth would
be compromised because according to the conventional practice the frequency of the microwave electric field
should be within the optical resonance bandwidth. Therefore it is interesting to see if the sensitivity can
be maintained or even improved at a frequency out of the optical resonance bandwidth. In addition, the
use of antenna for signal enhancement not only increases the footprint of the device (especially for relatively
low frequency ranges) but may also distort the electric field to be detected. As such, the performance of
antenna-free sensors needs to be investigated to complete the study of the microresonator-based electric-field
Sensors.

In this work, we develop an antenna-free electric-field sensor that mainly detects radiofrequency (RF)
electricfield signals with a frequency below 10 MHz. The sensor is based on an ultrahigh-Q) crystalline
LN microresonator whose Pockels effect and piezoelectric resonances are harnessed to convert the electric-
field signal into optical frequency generation. While the ultra-narrow optical resonance bandwidth of the
microresonator significantly improves the signal sensitivity of the PDH technique, the sensor is capable to
perform electrometry at frequencies out of the optical resonance bandwidth.

2. Experiment and results

Figure 1 (a) shows a photo of the crystalline LN microresonator. With surface polishing, the under-coupled
bandwidth of the optical resonances can reach ~ 1 MHz, corresponding to an intrinsic Q of 2x10%. Using
the copper sheet on top of the microresonator and the supporting post as the electrodes, RF electric-field
signal derived from a function generator is applied to the microresonator. Figure 1 (b) shows the electric-field
strength simulated by finite-element method. Due to the geometry of the electrodes, the electric-field strength
at the location of the optical mode is only around 8% of Uy/d, where Uy is the voltage difference between the
electrodes and d is the thickness of the microresonator, showing that for free-space sensing applications the
sensitivity can be improved over the results in our experiments by more than one order of magnitude. Figure
1 (c) presents the laser-frequencyswept spectrogram of an optical resonance with varied applied RF frequency.
Around the modulation frequency of 4 MHz we observe prominent modulation sidebands, indicating that the
electric-to-optic transduction is enhanced by the piezoelectric resonances.
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Fig. 1. (a) A photo of the LN microresonator. (b) Finite-element-method simulation of electric-field strength. (c)
Laser-frequency-swept spectrogram of a modulated optical resonance.

The experimental setup is depicted in Fig. 2 (a). A 1550-nm laser is frequency-locked to an optical
resonance of the microresonator via PDH technique with a low servo control bandwidth of ~ 100 Hz. Figure
2 (b) shows the resonance spectroscopy and the PDH error signal. The error signal is sent into a Fourier
spectrum analyzer to characterize the signal strength and the noise floor at the frequency of the applied RF
electric field. Figure 2(c) shows the signal when the applied electric field is at 3.9 MHz and of a peak-to-peak
amplitude of 10 mV. The noise floor, which is currently limited by the photodetector noise, is corresponding
to a detection limit the signal amplitude of 100 pV. Taking into account the sensitivity reduction due to the
electrodes, this result shows that a resolution of 10 uV/(mv/Hz) can be achieved. We also use an additional
modulator to add artificial laser frequency noise. We find that the frequency noise and the detected signal
amplitude are suppressed equally when the signal frequency is higher than the optical resonance bandwidth.
As a result, the signal-to-noise ratio (SNR) is maintained as long as the noise floor is dominated by the laser
frequency noise. This result is corroborated by our theoretical analysis.
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Fig. 2. (a) Experimental setup. (b) Transmission spectrum of a resonance and the corresponding PDH error signal. (c)
Sensing signal spectrum obtained by an electrical spectrum analyzer using a resolution bandwidth (RBW) of 10 Hz.

3. Summary

In conclusion, we have demonstrated a RF electric-field sensor based on a LN microresonator. We show that
when the noise floor is limited by the laser frequency noise the sensing resolution would not be compromised
by increasing the signal frequency beyond the optical resonance bandwidth. This result can be used in
combination with piezoelectric-resonance enhancement to increase both the sensitivity and the sensing
bandwidth for economical sensors that are built with low-cost lasers.
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Abstract: We have realized a high-sensitivity cavity optomechanical magnetometer by depositing a thin film of FeGaB
magnetostrictive material onto a SiOo microdisk resonator and achieved a peak sensitivity of 1.68 pT/ Hz'/2.

1. Introduction

High-sensitivity magnetometers play a crucial role in many applications, including nuclear magnetic resonance,
magnetocardiography, mineral exploration, nondestructive inspection, magnetic induction tomography, and current
detection. Currently, the state-of-the-art magnetometers are based on superconducting quantum interference devices
(SQUIDs), with exceptional sensitivity at the {T /Hzl/ 2 level. However, their reliance on cryogenic systems has
resulted in elevated operational costs and limited applications. Recently, various magnetometers that can work
at room temperature have been developed, such as atomic magnetometers, diamond nitrogen-vacancy color center
magnetometers, and microcavity optomechanical magnetometers [1-3]. Microcavity optomechanical magnetometers
have recently been developed by incorporating magnetostrictive materials into high-Q whispering gallery mode (WGM)
optical microcavities, which offer advantages of miniaturization and low power consumption; ease of on-chip integration;
high sensitivity and broad bandwidth. In these magnetometers, the magnetic field induces strain in the magnetostrictive
material, which can drive the mechanical motion of the microcavity and result in a change in the radius of the microcavity.
This radius change shifts the optical resonance, resulting in a periodic change in the intracavity field. Consequently, the
magnetic field can be optically read out, with its sensitivity enhanced by both the optical and mechanical resonances.
Cavity optomechanical magnetometers have been demonstrated by embedding the magnetostrictive material Terfenol-D
particles into high-Q WGM microcavities, and achieved a peak sensitivity of 26 pT/Hz!/2. However, their fabrication
process is rather complicated, hindering the mass-production and reproducible fabrication. Previous studies have also
successfully achieved mass-produced and reproducible microcavity optomechanical magnetometers by sputter coating
Terfenol-D thin films into high-Q WGM microcavities [4]. However, the sensitivity was limited to 585 pT/Hz!/2, over
20 times inferior to those using Terfenol-D particles [5].

In this work, we have successfully developed a mass-produced and high-sensitivity microcavity optomechanical
magnetometers by sputter coating thin films of a new magnetostrictive material, FeGaB, onto high-Q microdisk cavities.
We derive the expression of sensitivity of the magnetometers using the intensity modulation mechanism and study how
various parameters affect the sensitivity (Fig. 1a). We have made several key improvements experimentally to enhance
the device performance compared to previous works. Firstly, we replace the magnetostrictive material Terfenol-D
with FeGaB, as FeGaB exhibits superior soft magnetic properties [6], including lower coercivity, lower saturation
magnetic field, and a larger maximum piezomagnetic coefficient. Secondly, we conduct comprehensive simulations to
explore the relationship between the sensitivity and the geometric parameters of the FeGaB films and SiOs microdisks.
Subsequently, we fabricate magnetometers with varying microdisk radii. Thirdly, we optimize the optical frequency
detuning between the incident laser and the optical mode, minimizing the contribution of the shot noise to the total
noise. Lastly, microdisk cavities are used in this work, offering improved reproducibility compared with microtoroids
used in earlier studies (Fig. 1b—1c). Remarkably, we achieve a peak sensitivity of 1.68 pT/ VHz at 9.52 MHz using a
magnetometer with a SiO5 microdisk radius of 355 pm and a thickness of 1 pm, along with a FeGaB film radius of 330 pm
and a thickness of 1.3 pm (Fig. 1d-1e). This sensitivity surpasses previous mass-produced microcavity optomechanical
magnetometers by over two orders of magnitude. Furthermore, we explore a proof-of-concept application by detecting a
pulsed magnetic field signal, simulating corona current detection in high-voltage transmission lines (Fig. 2a—2c). These
findings demonstrate the potential of our fabricated high-sensitivity magnetometers for various practical applications,
such as magnetic induction tomography and corona current detection.
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Fig. 2. a, Schematic of corona current monitoring through magnetic field detection. b, Original voltage signal generated
by the arbitrary function generator to simulate the corona current. c, Response of the magnetometer with a microdisk radius of
205 um. The red (blue) curve shows the alternate current component of the optical transmission with (without) the signal.
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Abstract: We fabricated a three-dimensional egg-shaped hollow structure in silica using a CO4 laser. These structures
can support WGMs around 1550 nm and might be valuable for studying mode filtering, spin-orbit interactions of light,
and directional emission. (©) 2024 The Author(s)

1. Introduction

Whispering gallery mode resonators (WGMR) are structures where light circulates through total internal reflection. One
factor that affects the ability to store light is the circular symmetry that maintains a constant angle of incidence during
propagation. WGMRs are extensively researched to understand different phenomena that require tight confinement of
light 1] and for the fabrication of various sensors [2]. Recently, it has been theoretically and experimentally elucidated
that whispering gallery modes can exist in certain structures where the symmetry is broken [3]. Investigations of
such structures have revealed the possibility of directional emission [4-6], intermodal interactions, and the spin-orbit
interaction of light [7]. These phenomena cannot be easily observed in a symmetric WGM resonator.

2. Results and Discussion

WAsymmetry in whispering gallery mode resonators can be broadly classified into two types: asymmetry introduced to
an otherwise perfectly symmetric structure [8] and asymmetric structures. In this study, we created an asymmetric
structure capable of sustaining WGMs. Unlike 2D structures, such as deformed microdisks [9] or limagon [10] cavities,
our structure is a 3D egg-like shape made from a tapered hollow capillary by creating an uneven expansion. The
expansion rate was controlled by fabricating a smaller microbubble initially, using a focussed dual beam CO5 laser
setup [11], followed by blocking one beam to attain an egg profile (see Fig. 1). The 3D resonators have an additional
axis of confinement compared to deformed microdisk and limacon structures, with the potential to achieve higher
Q-factor modes. The thin anisotropic walls may open the way to study direction-dependent sensitivity and emission in
3D structures. Additionally, the hollow structure is beneficial for storing materials and conducting studies requiring
material isolation [12].

Fig. 1. Left: cross-section view; Middle: side view; Left: top view of the hollow egg-like whispering gallery mode resonator.
The profile of the egg-like shape is achieved by inducing a nonuniform expansion in an initially symmetric microbubble resonator.
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Fig. 2. Transmission spectrum through the tapered fibre while tuning the laser from 1550 nm to 1558 nm. Left: symmetric
resonator; Right: asymmetric resonator. Note: the hollow egg-like resonator is comparatively bigger than the initial symmetric
one, as it has to be expanded further on one side to introduce the asymmetry.

The resonator was characterised before and after introducing asymmetry by coupling a 1550 nm tunable laser
using a tapered fibre (see Fig. 2). In our fabrication method, one can adjust the ratio between the radius of curvature
of the asymmetric bulge and its symmetric counterpart. This adjustment allows for tuning of the asymmetry and the
potential to achieve mode filtering and selection.

3. Conclusion

We have demonstrated soliton microcomb generation on X-cut TFLN. Building on this, alongside recent advancements
in heterogeneously integrated lasers 7] and high-speed photodetectors [8] on TFLN, we propose a photonic chip
that integrates all essential optical components for optical clocks (Fig. 1f). Clock lasers are stabilized to atomic
transitions or ultrastable cavities using the Pound-Drever-Hall technique, facilitated by the integrated phase modulator.
While most atomic transitions for optical clocks are at visible wavelengths, the system can interface with mature
microcomb technologies at near-infrared wavelengths via a periodically-poled LiNbO3 (PPLN) waveguide. Another
PPLN waveguide enables the detection of the carrier-envelope offset frequency, which can be stabilized by feedback to
the electrodes on the microresonator. Consequently, the photodetected repetition frequency of the soliton microcomb
serves as the clock output.
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Abstract: We demonstrate the generation of transverse-electric-polarized soliton microcombs with 25 GHz repetition
rate and 200 nm spectral span in an integrated X-cut LiNbO3 microresonator. (C) 2024 The Author(s)

1. Introduction

Recently, the development of high-quality-factor (high-Q) optical microresonators has spawned chip-based optical
frequency combs, known as microcombs [1], which promise miniaturized instrumentation of time keeping [2], ranging
[3], and spectroscopy [4]. Despite their realizations on various material platforms such as silica, SigNy, and MgFs,
achieving full comb functionality on photonic chips necessitates co-integration with high-speed modulators and efficient
frequency doublers, which are monolithically available on X-cut thin-film lithium niobate (TFLN).

LiNbOj3 has long been exploited for frequency doubling and electro-optic modulation, whose performance is
recently leveraged by the thin-film lithium niobate (TFLN) technology due to the improved confinement of optical and
electric fields. To access the highest second-order nonlinear coefficient (dz3 = —27 pm/V) and electro-optic coefficient
(33 = 30.9 pm/V) of LiNbOs, the optical and electric fields should be both polarized parallel to the optical axis, which
can be readily implemented for transverse-electric-polarized (TE-polarized) optical modes on X-cut TFLN. However,
soliton microcombs are elusive on X-cut TFLN due to the strong Raman response associated with extraordinary light.
Instead, Raman lasing is commonly observed in this configuration [5].

In this work, we tailor the portion between ordinary and extraordinary light in LiNbOg microresonators to
suppress stimulated Raman scattering on X-cut TFLN. Microwave-rate (25 GHz) soliton microcombs with 200 nm
spectral span are generated in TE modes with a continuous-wave pump laser. Our demonstration provides a route for
chip-scale integration of the entire optical system of optical clocks.

2. Results
We first characterize the polarization-dependence of the Raman response of an X-cut TFLN chip using Raman
spectroscopy (Fig. 1 a). The Raman spectra contain multiple peaks corresponding to different vibrational modes,
with intensities decreasing as the pump polarization transitions from parallel (extraordinary light) to perpendicular
(ordinary light) to the optical axis. For instance, the peak intensities of vibrational modes A(TO); and A(TO)4 are
reduced to 40% and 20%, respectively (Fig. 1b). Thus, incorporating more ordinary light in the modes of LiNbOj
microresonators can significantly mitigate the Raman effect, which is the key to our design.

To increase the portion of ordinary light, we use racetrack microresonators instead of ring microresonators.
The majority of the modes are confined in the straight waveguides, which are oriented along the optical axis to
maximize the portion of ordinary light. The soliton-generating microresonators are fabricated from a 600-nm-thick
LiNbOj layer atop a 4.7-pm-thick silica layer, following established procedures [6]. The design of the microresonator is
shown in Fig. lc. The free-spectral-range (FSR) of the microresonator is approximately 25 GHz. A bus waveguide
with a top width of 1 pum is coupled to the microresonator at the Euler bend. The transmitted spectrum shows
an intrinsic Q factor up to 3 million within the telecommunication C-band (Fig. 1d). In experiment, soliton
microcombs are generated with continuous-wave laser pumping, whose optical spectrum is shown in Fig. le. The
spectrum spans more than 200 nm, following a sech?-shaped spectral envelope with deviations caused by mode-crossings.

3. Conclusion
We have demonstrated soliton microcomb generation on X-cut TFLN. Building on this, alongside recent advancements
in heterogeneously integrated lasers 7] and high-speed photodetectors [8] on TFLN, we propose a photonic chip
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Fig. 1. (a) Polarization-dependent Raman spectra of X-cut TFLN, with the angle between the pump laser polarization
and the optical axis varying from 0° to 90°. (b) Raman peak intensity of vibrational modes A(TO); and A(TO)4 as a function
of the angle between the pump laser polarization and the LN optical axis. (¢) Design of the microresonator (not to scale). The
cross-sectional geometry with the profile of the TE fundamental mode is provided in the inset. (d) Typical transmission spectrum
of a fundamental TE mode. (e) Optical spectrum of the soliton microcomb. The dashed red line represents sech? fitted soliton
spectral envelope. The left inset shows the zoom-in views of soliton comb lines. (f) Conceptual illustration of an integrated
optical clock on X-cut TFLN. PPLN: periodically-poled lithium niobate; PD: photodetector.

4

that integrates all essential optical components for optical clocks (Fig. 1f). Clock lasers are stabilized to atomic
transitions or ultrastable cavities using the Pound-Drever-Hall technique, facilitated by the integrated phase modulator.
While most atomic transitions for optical clocks are at visible wavelengths, the system can interface with mature
microcomb technologies at near-infrared wavelengths via a periodically-poled LiNbO3 (PPLN) waveguide. Another
PPLN waveguide enables the detection of the carrier-envelope offset frequency, which can be stabilized by feedback to
the electrodes on the microresonator. Consequently, the photodetected repetition frequency of the soliton microcomb
serves as the clock output.

References

[1] T. J. Kippenberg, R. Holzwarth, and S. A. Diddams, “Microresonator-based optical frequency combs,” Science 332, 555-559 (2011).
[2] Z. L. Newman, V. Maurice, T. Drake, J. R. Stone, T. C. Briles, D. T. Spencer, C. Fredrick, Q. Li, D. Westly, B. R. Ilic et al., “Architecture
for the photonic integration of an optical atomic clock,” Optica 6, 680-685 (2019).

[3] M.-G. Suh and K. J. Vahala, “Soliton microcomb range measurement,” Science 359, 884887 (2018).

[4] M.-G. Suh, Q.-F. Yang, K. Y. Yang, X. Yi, and K. J. Vahala, “Microresonator soliton dual-comb spectroscopy,” Science 354, 600-603
(2016).

[5] M. Yu, Y. Okawachi, R. Cheng, C. Wang, M. Zhang, A. L. Gaeta, and M. Loné&ar, “Raman lasing and soliton mode-locking in lithium
niobate microresonators,” Light. Sci. Appl. 9, 9 (2020).

[6] X. Lv, B. Nie, C. Yang, R. Ma, Z. Wang, Y. Liu, X. Jin, K. Zhu, Z. Chen, D. Qian et al., “Broadband microwave-rate dark pulse
microcombs in dissipation-engineered LiNbO3 microresonators,” arXiv preprint arXiv:2404.19584 (2024).

[7] A. Shams-Ansari, D. Renaud, R. Cheng, L. Shao, L. He, D. Zhu, M. Yu, H. R. Grant, L. Johansson, M. Zhang et al., “Electrically
pumped laser transmitter integrated on thin-film lithium niobate,” Optica 9, 408-411 (2022).

[8] X. Guo, L. Shao, L. He, K. Luke, J. Morgan, K. Sun, J. Gao, T.-C. Tzu, Y. Shen et al., “High-performance modified uni-traveling carrier
photodiode integrated on a thin-film lithium niobate platform,” Photon. Res. 10, 1338-1343 (2022).

Poster Sessions 95



Boyi Xue - Dual-color Coherent Perfect Absorber

Dual-color Coherent Perfect Absorber
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Abstract: We observed a dual-color CPA in a whispering-gallery-mode microcavity, which enables perfect absorption
of both the incoming fundamental wave and its second harmonic through nonlinear interference, breaking the linear
boundary of CPA into multi-frequency domain.

1. Introduction

Coherent perfect absorbers (CPA) play a crucial role in various interdisciplinary areas. The ability of CPA to perfectly
absorb any incoming wave without re-emitting solely lies on the interference-enhanced absorption in a lossy cavity,
leading to a “blackhole” singularity in the spectrum [1,2]. One critical quest of CPAs is to pursue the broadband/multi-
channel perfect absorption across the spectra. Nonlinearity might be the key to tackling the problem. Though
“colored" CPAs have been theoretically predicted through nonlinear processes like optical parametric oscillation [3],
the experiment still remains elusive. In this work, we demonstrate a dual-color CPA in a single WGM microcavity,
enabling simultaneous complete absorption of incoming waves at two frequencies. The DC-CPA phenomenon arises
from the nonlinear coupling between a fundamental wave (FW) mode and its second harmonic (SH). This results in
destructive interference for both modes. Moreover, the coherent control of transmission can be realized by tuning the
relative phase and intensity between these two input waves.

In this work, we tailor the portion between ordinary and extraordinary light in LiNbOg3 microresonators to
suppress stimulated Raman scattering on X-cut TFLN. Microwave-rate (25 GHz) soliton microcombs with 200 nm
spectral span are generated in TE modes with a continuous-wave pump laser. Our demonstration provides a route for
chip-scale integration of the entire optical system of optical clocks.

2. Dual-Color Coherent Perfect Absorber

2.1 Theory The schematic illustration of the DC-CPA concept is depicted in Fig. la. A second-order nonlinear
microcavity is coupled to a tapered fiber. Two input lasers (o and ) are launched into the system. We consider
the weak nonlinear coupling condition, where the nonlinear coupling G can be assumed as a small constant. Under
this crucial condition, only the weak SH wave will be influenced during the nonlinear coupling process. The FW will
remain critically coupled in the weak coupling regime, while the relatively weak SH wave will also become perfectly
absorbed due to the total destructive interference among the out-coupled SH light, the nonlinearly converted SH, and
the residual SH transmission [4].

We adopt the S-matrix approach employed in the original one-port CPA [1], and describe our DC-CPA system utilizing
the electromagnetic scattering matrix (S-matrix):
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CVout . S( ) ain _ o 5152—2|G|2 5152—2|G|2 Oéin
- . - 2i\/Ye1 V2 G™ 1Yc201 :
60ut Bln W 1— m Bln

DC-CPA occurs at the zeros of the S-matrix, leading to the vanishing of the total output in response to an input signal
aligned with the corresponding eigenvector of S. When the eigenvalue equals zero, its corresponding eigenfrequency
will be purely real when G = 6.37 MHz, as simulated in Fig. 1b. This is the CPA condition. Then, by choosing proper
phase and intensity relationships between the two input waves, DC-CPA could be achieved.

2.2 Observation of dual-color CPA

In the experiment, we first launch the FW laser, select a mode suitable for second harmonic generation and make it
and make it critically coupled. The corresponding SH mode is observed to be under coupled. The cavity temperature
is tuned using a thermoelectric cooler (TEC) to ensure double resonance. Then, we adjust the power Of these two
input modes, while maintaining their relative phase fixed at 7/2. The DC-CPA phenomenon is observed when the
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input power of FW and SH are equal to 78.96 uW and 116.4nW, respectively, corresponding to a relative amplitude
Bin/in = 0.0384. The transmission spectrum is visualized in Graph C of Fig. le, revealing that the transmission
rate approaches zero at the DC-CPA point. Graphs A, B, D, and E represent the output spectra when the input
signal deviates from the eigenchannel of the S-matrix, exhibiting substantial deviations from the CPA effect. The
experimental data for normalized transmittance at zero detuning is illustrated in Fig. 1d. The obtained results exhibit
a remarkable alignment with the theoretical predictions.

The absorption behavior of DC-CPA is highly sensitive to the relative phase of the inputs. To investigate the behavior
of phase modulation, we conducted measurements on the transmittance for both the FW and SH modes around the
zero-detuning point as a function of the relative phase. While the FW remains unaffected, the SH signal exhibits
sinusoidal oscillations in phase with A¢, as shown in Fig. 1c, resembling an optical modulator.
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Fig. 1. Illustration of dual-color CPA effect. (a) Schematic diagram of nonlinear coupling between two modes in a tapered
fiber coupled microcavity. (b) Imaginary part of w for the zeros of the S-matrix is plotted as a function of 2G. (c) Transmission
rate of FW and SH at zero detuning as a function of relative phase. (d) Normalized transmittance at zero detuning under CPA
condition, plotted as a function of Bin/ain. Phase difference is fixed at Ay = /2. (e) Experimentally obtained transmission
spectra with different values of Bin/in, corresponding to A—E in (a). The DC-CPA point is marked in curve C.

3. Summary

We demonstrated the dual-color coherent perfect absorption in a single microcavity with second-order nonlinearity,
where the FW mode and SH mode can be perfectly absorbed simultaneously. This significant advancement expands
the scope of research on coherent perfect absorption into the nonlinear regime, enabling coherent control of two signals
at distinct wavelengths. Given that this absorption behavior is highly sensitive to both the power and relative phase
of the input waves, our system holds great promise for constructing an all-optical modulator in a cost-effective and
compact form. These findings pave the way for numerous applications including all-optical computing and quantum
information processing.
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Abstract: Titanium-doped sapphire (Ti:sapphire) has long been a prevalent gain medium in the solid-state laser
industry, valued for its broadband gain properties and sustained performance over more than three decades. Recently,
we demonstrated a Ti:sapphire laser utilizing the whispering gallery mode (WGM) resonator platform. Here, we

summarize our findings, detailing lasing and amplification in the first high-quality Ti:sapphire whispering-gallery laser
(WGL).

In this work, we introduce a high-quality Ti:sapphire WGM resonator, characterized by a low lasing threshold and high
slope efficiency. Amplification is also readily achievable [1,2]. By evanescently coupling a green pump laser to the WGM
resonator, we observe single-mode lasing at pump powers as low as 14.2 mW. Additionally, we achieved multi-mode
lasing and report laser slope efficiencies of 34%. The four-level gain system is directly observed by simultaneously
coupling to a near-infrared mode at 795 nm, which results in a notable linewidth decrease with increase in the green
pump power, as shown in Fig.1(c).
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Fig. 1. (a) Photograph showing fluorescence in the titanium-doped sapphire whispering gallery mode (WGM) resonator.
(b) Single-mode lasing: by adjusting polarization and coupling, lasing on different laser lines can be selectively achieved. (c)
Amplification: the gain narrows the linewidth of a concurrently coupled near-infrared laser.
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Structure of chaotic resonance modes in dielectric cavities
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Abstract: We explain the structure of chaotic resonance modes with arbitrary lifetimes in dielectric cavities in the
limit of geometric optics. It is given by a multifractal measure from ray dynamics. (C) 2024 The Author(s)

1. Introduction

According to a factorization conjecture [1, 2, 3], the multifractal structure of chaotic resonance modes is given by a
product of (i) a conditionally invariant measure from ray dynamics with a smoothed spatial density and (ii) universal
exponentially distributed fluctuations.We present progress on the construction of the first factor, i.e., the correct
conditionally invariant measures for resonance modes with arbitrary lifetimes [4].

2. Wave-ray correspondence

For the limagon-shaped dielectric cavity, we show that ray dynamics is able to describe resonance states with an
arbitrary lifetime. This is demonstrated for modes with TM- and TE polarization. Numerical verification is performed
far in the semiclassical regime (nkR =~ 10%), see Fig. 1. In contrast to a previous approach [2|, we find that the chaotic
resonance modes, in the limit of geometric optics, converge towards these conditionally invariant measures [4]. This is
quantified using the Jensen-Shannon divergence.

3. Conditionally invariant measures

We explain how to construct the correct conditionally invariant measures [4]. To this end we generalize the matrix
approximation of the Perron-Frobenius operator, generating coarse-grained conditionally invariant measures of various
lifetimes. Among all measures with the same lifetime we determine the one relevant for resonance states by locally
demanding closeness to uniformity.
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Fig. 1. Left: Spectrum of 379,492 antisymmetric TM polarized modes of limac,on cavity with n = 3.3. Highlighted are
400 poles nearest to three different lifetimes, respectively. Middle: Waveray comparison in position space between average wave
structure (upper half) and ray-dynamical measure (lower half) for the three marked lifetimes. Right:Wave-ray comparison in
boundary phase space.
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Development of vector magnetometer based on hollow core
whispering gallery resonators and nitrogen-vacancy centers in
diamond

Jalaludeen Mohammed'*, Samuel Begumya', Ke Tian', Shilong Li'?, and Sile Nic Chormaic'

Abstract: Magnetometry based on optically detected magnetic resonance using nitrogen-vacancy centers in diamond coupled to
whispering gallery modes of a hollow core optical microresonator is explored in this work.

1. Introduction
Nitrogen vacancy (NV) centers in diamond have gained significant attention in the past decade owing to their unique
quantum properties, such as room temperature stable single-photon source and magnetic field sensing at the nanometer
scale [1]. The NV-center in diamond is an atomic-scale defect in a diamond lattice with a substitutional nitrogen
atom next to a lattice vacancy. The electronic ground level of the NV-center is a spin triplet system, ms = 0,£1.
The spin sublevels mgy = £1 are nearly degenerate and have a zero-field separation of 2.87 GHz from the m; = 0
sublevel. These ground-level spin states can be manipulated using microwave photons, and the spin state can be
optically read through state-dependent fluorescence. The NV-centers are optically pumped non-resonantly using a
532 nm laser, producing broadband fluorescent photons from 600-800 nm with a zero-phonon line (ZPL) at 637 nm.
When a microwave field is frequency scanned across the NV center, a reduction in fluorescence intensity can be observed
at 2.87 GHz, corresponding to the zero-field splitting energy. However, when an external magnetic field is applied, the
degeneracy between the ground states m; = +1 is lifted. As a result, two intensity minima can be observed upon
microwave frequency scanning. The splitting of these levels is proportional to the strength of the external magnetic
field and is 56 MHz/mT for weak magnetic fields. However, the full potential of NV-center based magnetic sensors,
specifically at the single molecule level, still needs to be improved and is explored in many laboratories [2, 3].
Optical cavities possessing ultra-high quality factors have proven to be an effective method to enhance the
sensitivity limit of an optical sensor [4]. Whispering gallery mode (WGM) microcavities are an excellent class of
optical microcavities that provide ultra-high quality factors. Therefore, integrating NV centers with a WGM cavity
should help further enhance the magnetic field sensitivity limit. Several attempts have been made to incorporate NV
centers with WGM cavities [5, 6] but these have yet to result in a significant improvement in terms of performance.
Existing methods use WGM cavity geometries which are bulky, with their feature size being much larger than the
optical wavelength. As a result, the interaction of the WGM field with the external NV-center is weak, resulting in
reduced performance. In this work, NV-centers were coupled to a hollow microbubble microresonator 7, 8|, where
the wall thickness of the resonator was of the order of the optical wavelength used, thus enhancing the light-matter
interaction.

2. Model and discussion
Figure 1 shows a schematic of the magnetometer system based on the NV-center in diamond and microbubble resonator.
The microbubble was fabricated using borosilicate glass capillary with 350 pm outer and 250 pm inner diameters. The
resonator was made by first tapering the glass capillary by heating it with a COy laser while simultaneously pulling
it. Once the taper reached a few tens of micrometers, the tapering process was stopped. The tapered capillary was
again exposed to laser radiation to soften a section of the capillary, which was simultaneously pressurized internally by
allowing nitrogen gas to flow through the capillary to form the microbubble. The final diameter of the microbubble
was controlled by adjusting the laser power. In this experiment, a microbubble of diameter 100 pm was fabricated.
70 nm nanodiamond particles containing 2.5 ppm NV-centers were used to couple to the microbubble resonator. A
small amount of diamond stock was used to make a suspension with suitable dilution. A tiny aliquot of the diluted
suspension was drop-cast on to the surface of the microbubble. Once the droplet landed on the resonator’s surface, the
solvent evaporated rapidly, depositing nanodiamond particles. The presence of NV-centers was confirmed by monitoring
it in real time through a fluorescence widefield imaging system.

After the deposition, the fluorescence from NV-centers to the microbubble was detected using an optical nanofiber
scanned along the microbubble axis. As a result of the coupling of fluorescence to the optical modes of the microbubble,
a modification of the characteristic spectral shape of the NV-center diamond was observed as shown in Figure 2.

Poster Sessions 101



Jalaludeen Mohammed - Development of vector magnetometer based on hollow core whispering gallery
resonators and nitrogen-vacancy centers in diamond

532 nm laser

Optical nanofiber

WGM
NV center
53 Microbubble resonator

To spectrometer

Fig. 1. Microbubble—NV-center based magnetometer. Nanodiamond particles containing NV-centers are attached
to the surface of a microbubble microresonator. The fluorescence from the NV centers coupled to the optical modes of the
microresonator was detected using an optical nanofiber and analyzed using a spectrometer.
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Fig. 2. NV center spectrum. The fluorescence spectra of NV-centers when attached to (a) an optical nanofiber and (b)
a microbubble microresonator.

3. Conclusion

In this work, nanodiamond particles containing NV centers were coupled to a hollow core microbubble resonator.
The effects of optical modes on the NV-center are characterized through fluorescence spectrum measurements, and a
modification in spectral behavior was observed.
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Toward Observation of Superradiance at an Exceptional Point
of a Birefringent Fabry-Perot Cavity

Jisung Seo, Juman Kim and Kyungwon An*

Abstract: We have fabricated a pump-cavity assembly supporting pump-cavity phase matching and adjustable
interaction between two polarization modes of a Fabry-Perot cavity to form an exceptional point (EP) for investigation
of fluctuations at EP through superradiance.

1. Introduction

It is shown that lasing linewidth is increased by the Petermann factor near an EP due to enhanced fluctuations p]
Such enhanced fluctuations would also affect the superradiance process, where atomic correlation responsible for
superradiance is induced by fluctuations. If superradiance is made to occur in a cavity mode near an EP, the delay
time, pulse width and peak power of superradiance would thus change [21

Previously, we have observed superradiance with a beam of two-level atoms interacting with a Fabry-Perot cavity
[3]. If we can achieve EP with a Fabry-Perot cavity, we can readily perform superradiance experiment with it. One
cannot have EP in an ideal Fabry-Perot cavity, but it is shown that EP’s of two linearly polarized modes can be formed
in a Fabry-Perot by installing a pair of waveplates and a pair of Brewster windows inside and by finely tuning the
angles of them independently [4].

We have designed and fabricated a stable cavity-pump assembly based on this idea. This assembly can be
incorporated into the existing setup of a high-speed, high-density atomic ion beam to induce superradiance and measure
the effect of enhanced fluctuations near an EP.

2. Theory and results
2.1 Jones matriz and EP formation
Consider a pair of waveplates with their fast axes along the ¢; direction (i=1,2), creating a phase difference of ¢; with
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Fig. 1. Schematic of a cavity composed of mirrors, a pair of waveplates F; with angle of a; to the x-axis and a pair of
Brewster windows G; with angle of 3; to the x-axis.

respect to the perpendicular direction, and a pair of Brewster windows, causing a loss difference of e* between the

direction of fi; and its perpendicular direction in a Fabry-Perot formed by two mirrors with reflectivity 1 and rs.
Let us group a mirror with a waveplate and a Brewster window as one unit of reflection and denote its Jones

matrix as R;, which can be written as R; = r; F;(«;)G;i(8:)Gi(B:) Fi(«;) with F; being the Jones matrix of the waveplate

and G; that of the Brewster window. After N round trips, the Jones matrix of the whole system can be described
as T > (RyRoe 2FIYNT, . By assuming a; = 3; = 6;, diagonalizing Ri Ry, and letting fi = juy + 2, € = €1 + €2,
Ae =€ — €2, A= 1 — pa, a = i + 1€, b = Ap + iAe, we have

RiRo — riroe—% cosh bsin? 20 + cos 26 (e cos? 6 — e~ %sin? 0) — cosh asin 26 cos 20 + sin 20 (e’ cos? 0 — e ¥ sin? 9)
152 = Ttz cosh a sin 20 cos 20 + sin 20 (eb sin? § — e~? cos? 9) cosh bsin? 20 — cos 26 (e“ sin? @ — e~ @ cos? 9)

(1)
The eigenvalues A1 of Ry Ro are obtained as

Ay = cosh bsin? 20 + cosh a cos® 26 +

\/sinh2 acos®20 + (— cosh? @ cos? 20 4 cosh? bsin® 20 + 2 cosh a cosh b cos? 260 — 1) sin® 26. (2)

The EP condition is satisfied when Ay = A_. If two \/4 waveplates are used and a Brewster window is installed on
only one side, we obtain €; = €3 = 5, p2 = 0, a = py +im, and b = p1. The EP condition in this case is simplified to

tanh? 1 = sin? 46. (3)

2.2 Cavity-Pump Assembly
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In order to observe superradiance, the phases of the pump laser and the cavity mode should match each other.
The cavity-pump phase matching involves aligning the pump beam parallel to the traveling-wave cavity mode. The
traveling-wave interaction is made possible by tilting the atomic beam slightly from the normal incidence to the cavity
axis [5]. Parallelogram-shaped prisms are utilized to position the pump beam just in front of the cavity mode. The
pump beam’s diameter should be similar to that of the cavity mode to achieve effective Guoy-phase matching.

The pump beam, delivered through a single-mode optical fiber, is made to have an elliptical cross-section

(a)

*Hin
L}

(PEY) aaya 5,
FSeYd Ao,

Fig. 2. (a) and (b) The schematic and the design of the cavity-pump assembly capable of satisfying the phase matching
condition for superradiance. The pump beam and the cavity mode have similar mode waists while parallel to each other. (c)
The Guoy phase difference between the pump beam and the cavity mode. Under the given experimental conditions, the expected
Guoy phase difference between the pump beam and the cavity mode is less than 5 mrad, sufficiently satisfying the required
phase matching for superradiance.

in front of the cavity mode. The ion beam passes through the minor axis of the ellipse, while the major axis aligns
with the cavity mode’s transverse direction. A slit is used to limit the atomic beam to cavity mode’s central region,
achieving a small Guoy phase difference between the pump beam and the cavity mode for sufficient cavity-pump phase
matching. The pump beam optics and the prisms as a whole are mounted on a nanometer-precision 5-axis aligner to
achieve parallelism with respect to the cavity mode. In this manner, our pump-cavity system can be incorporated into
the existing setup of a high-speed, high-density atomic ion beam to induce superradiance and measure the effect of
enhanced fluctuations near an EP.

3. Summary

EP’s can be achieved in a Fabry-Perot cavity by incorporating a pair of waveplates and a pair of Brewster window
inside and by adjusting them independently. We have designed and fabricated an FP-type cavity-pump assembly
based on this idea. We will first investigate EP’s in our pump-cavity assembly and then integrate it into a high-speed
high-density ion beam apparatus to study the interaction between the EP mode and the atoms, inducing superradiance
at the EP mode. We will investigate how the properties of superradiance change around the EP, which would enhance
our understanding on the nature of fluctuations at the EP. References

1] J. Kim, et al, “Practical lineshape of a laser operating near an exceptional point”, Sci. Rep. 11, 6164 (2021).

[2] M. Gross and S. Haroche, “Superradiance: An essay on the theory of collective spontaneous emission”, Phys. Rep. 93, 301-396
(1982).

[3] J. Kim et al., "Coherent single-atom superradiance", Science 359, 662 (2018).

[4] J. F. Bisson, “Single-mode lasers using parity-time-symmetric polarization eigenstates”, Phys. Rev. A 102, 043522 (2020). [5]
Wonshik Choi et al., "Observation of sub-Poisson photon statistics in the cavity-QED microlaser", Phys. Rev. Lett. 96, 093603
(2006); Hyun-Gue Hong et al., "Spectrum of the Cavity-QED Microlaser: Strong Coupling Effects in the Frequency Pulling at
Off Resonance", Phys. Rev. Lett. 109, 243601 (2012).
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Newton’s rings interferometry for absolute distance calibration

Josh T. Christensen'?*, Farhan Azeem'?, Luke S. Trainor'?, Dmitry V. Strekalov''? and Harald G.
L. Schwefel"?

Abstract: An absolute distance calibration between a prim and a whispering gallery mode resonator was achieved via
Newton’s rings interferometry, this enables detailed studies of mode profiles as well as a useful technique for beam
alignment. (C) 2024 The Author(s)

1. Introduction

We present an application of Newton’s rings used to measure the distance between a coupling prism and a whispering
gallery mode resonator (WGMR) [1] . Three narrowband colour channels were used to illuminate these rings, which
provided an absolute distance scale without the need for the resonator and coupling prism to come into contact. We
demonstrate this method to be effective at measuring coupler separation distances to sub-nanometer precision, that
further allow us to study the profile of modes coupled to the WGMR. Furthermore, this method is shown to provide an
excellent beam alignment technique for coupling WGMR, and prisms.

We follow up from our previous work [2] to demonstrate contact-free determination of the absolute distance
between a WGMR and a prism by photographing the Newton’s rings with illumination from an RGB diode, as seen
in Figure 1. The captured image is decomposed into its R, G and B colour channels, Newton’s rings phases of each
channel are extracted and the differences between the respective colour channels’ phases are studied to provide an
absolute distance scale.

Fig. 1. Newton’s rings are observed at the interface between a coupling prism and WGMR when illuminated by an RGB
diode. The R, G, and B colour channels are then digitally extracted, shown as the right insets, and the respective phase of the
Newton’s rings are used to determine the absolute distance between coupler and resonator.

This work aims to further investigations into the mode profiles of whispering gallery modes that require accurate
distance measurements, as well as to provide a method of beam alignment in prism-WGMR systems.
References
[1] Luke S. Trainor, Florian Sedlmeir, Christian Peuntinger, and Harald G.L. Schwefel, "Selective Coupling Enhances Harmonic
Generation of Whispering-Gallery Modes”, Phys. Rev. Applied 9, 024007 (2018).
[2] Josh T. Christensen, Farhan Azeem, Luke S. Trainor, Dmitry V. Strekalov, and Harald G. L. Schwefel, "Distance calibration
via Newton’s rings in yttrium lithium fluoride whispering gallery mode resonators,” Opt. Lett. 47, 6053-6056 (2022).
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Birefringence EP in a high-finesse Fabry-Perot cavity

Juman Kim', Jisung Seo', and Kyungwon An'*

Abstract: We explore the birefringence exceptional points (EP’s) in a high-finesse Fabry-Perot cavity arising from
the interaction between two linearly polarized modes due to the intrinsic birefringence in the dielectric coating of the
supermirrors.

1. Introduction

Supermirrors, widely used in optical gyroscopes, ring-down spectroscopy and cavity quantum electrodynamics experi-
ments, possess intrinsic birefringence and dichroism due to anisotropy arising from the polishing and coating processes
or from non-uniform stress inevitably introduced during the mounting process. For a Fabry-Perot cavity composed of
such supermirrors, interaction can occur between two linearly polarized modes that would otherwise be orthogonal
in an isotropic case. This interaction can be modeled by calculating the Jones matrix of the Fabry-Perot resonator,
taking into account the birefringence and dichroism of the mirrors. The conditions for birefringence EP’s are explored
by determining the condition for coalescence of both the eigenvalues and eigenmodes of the Jones matrix. Furthermore,
we measure the birefringence splitting by observing ringdown beating and aim to experimentally approach these EP’s
by controlling the birefringence and the polarization dependent loss of the supermirrors using a PZT and a knife edge.
2. Theory and results

2.1 Jones matriz of a Fabry-Perot cavity with birefringent mirrors and its EP conditions

A supermirror with a phase retardance of € along two principal axes and a loss difference of u along other orthogonal
directions can be modeled as having a waveplate F' and a Brewster window G in front of an ideal mirror. As seen from
Fig. 1(a), assume that the fast axis of F} (F») and the direction of minimum loss of G (G2) are at angles o (a2)
and [ (B2) with respect to the x-axis, whose phase retardance and loss difference are €; (e2) and py (p2) for mirror 1
(2), respectively. The Jones matrix R describing the reflection of the supermirror is given as follows in the first order
approximation (e;, p; < 1) [1],

[ 1+ i cos(20y) % sin(2aq;) G — 1 +“7‘ cos(20;) & sjn(Zﬂi)
! St sin(20y) 1 — %5 cos(2a;) )’ ! £ sin(23;) — Licos(26:) )

where r; is the reflection coefficient of mirror ¢ (= 1,2). After N round trips inside the cavity, as seen from Fig. 1(b),
the Jones matrix of a Fabry-Perot cavity composed of two mirrors with reflection matrices Ry and Rs can be modeled
as To Y (Rlee_Q““L)N T1, where T7 and T5 are the transmission matrices of the coatings and substrates of the two
mirrors, k is the wave number, and L is the cavity length. In a super cavity, the effect of 77 and T3 is negligible
compared to the influence of the summation term because N ~ 10%. Thus, the Jones matrix of the cavity approximately
shares the common eigenstates as those of Ry Ry, which is

iRy — 11 1+ pcos28 + iecos2a usin 28 4 iesin 2«
1752 172 psin2f + iesin 2« 1— pcos2B —iecos2a )’

where pcos28 = pp cos2P1 + s cos 232 and € cos 2a = €1 cos 2aq + €3 cos 2aip. In other words, the Jones matrix of the

Fabry-Perot cavity can be effectively considered as a combination of a single waveplate with the fast axis at an angle of

« with respect to the x-axis and a Brewster window with minimum loss at an angle of 8 with respect to the x-axis,

whose phase retardance is 2¢ and loss difference is 2u, respectively.
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Fig. 1. Modeling of a supermirror and a Fabry-Perot cavity with birefringence and dichroism.

The eigenvalues Ay of the RiRy are Ay = riro {1 + \/u2 — €2 + 2ipecos 2(a — B)} Thus, EPs appear under the

106 Poster Sessions



Juman Kim - Birefringence EP in a high-finesse Fabry-Perot cavity

following condition:
a=p+ %(QW +1), p=¢€ (misan integer).

Individual mirrors can exhibit various combinations of parameters that satisfy the above condition. By independently
adjusting €;, p;, a;, and B; of each mirror, it is theoretically possible to satisfy this condition.

2.2 Measurement of birefringence splitting using ringdown beating

Birefringence splitting wp, smaller than the cavity linewidth can be measured using cavity ringdown spectroscopy. As
shown in Fig. 2(a), by injecting circularly polarized light into the cavity, two eigenpolarization modes with slightly
different frequencies can be excited simultaneously with a 7/2 phase difference. Using an acousto-optic modulator
(AOM) to switch off the light and create a ringdown signal, and then projecting it onto an analyzer, the ringdown
signal follows the non-exponential decay described below, [2].

I(t) = e /7 [1 £sin2(f — a)sin(wyt)] ~ et/ (0.1)

In the above equation, wy is assumed to be sufficiently smaller than the cavity linewidth, leading to wyt < 1. By
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Fig. 2. Experimental scheme and the observed variation of 7eg with respect to the analyzer angle.

measuring 7og as a function of the angle 6 of the analyzer, w;, and « can be obtained as fitting parameters. In Fig. 2(b),
the cavity linewidth is 13 kHz, and wp/27 is measured to be 1.7(1) kHz and o = —6(1)°. We can independently adjust
€1 and e for each mirror or modify the angles between a(;(2)) and B(1(2)) by applying stress using PZT. Additionally,
we can control p; and ps using a knife edge. By rotating the mirrors to change the angles between ay (51) and as
(B2), we anticipate being able to explore the topology near the birefringence EP.

3. Summary

We studied the conditions of EP’s in the non-Hermitian Jones matrix of a Fabry-Perot cavity with birefringence and
dichroism in the supermirrors. By observing cavity ringdown beating and adjusting parameters using a PZT and a
knife edge, we aim to observe the topology near the birefringence EP of a high-finesse Fabry-Perot cavity.
References

[1] 1. H. Huang et al., “Effects of linear birefringence and polarization-dependent loss of supermirrors in cavity ring-down
spectroscopy,” Applied Optics 47, 3817 (2008).
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Spectrum of a superradiant laser with injected atomic coher-
eice

Junseo Ha', Seunghoon Oh', Jinuk Kim?, Daeho Yang®, and Kyungwon An'*

Abstract: We measured the spectrum of a steady state superradiant laser with injected coherence using photon-
counting based spectroscopy. The superradiant laser frequency matched the pump laser frequency, and its linewidth
depended on the pump laser linewidth.

1. Introduction

Superradiance, first proposed by Dicke in 1953, refers to the phenomenon where correlated emitters collectively interact
with light, resulting in enhanced radiation [1]. This collective emission happens at a rate proportional to the square of
the number of emitters, significantly surpassing the rate of individual atomic emissions [2]. The key factor enabling
superradiance is quantum coherence among the atoms.

In our experiments, an *8Ba atomic beam passes through a nano-hole array and a pump laser before entering
a high-Q cavity. The atomic state is modeled as a two-level system, with a transition wavelength of A = 791 nm
between the 'Sy and 3P; states, resonant with the cavity. The nano-hole array is fabricated using the focused ion
beam (FIB) technique, with each hole measuring 0.35lambdax0.25) and spaced at 1 A intervals. This ensures that
the atoms only pass through the anti-nodes of the cavity mode, thus the phases between the atom and the cavity are
aligned. Our experiment was conducted in the strong coupling regime, with (g, 74, 7.)/27 = (334.25,95) kHz, where g
is the atom-cavity coupling constant, and v, (7.) is the atomic (cavity) decay linewidth (half-width). Thus, we achieve
coherence by phase imprinting with a pump laser and precise positioning of the atoms using a nano-hole-array aperture,
resulting in superradiance with a quadratic dependence on the number of atoms 3,4.

It is known that superradiant lasing via quantum coherence of atoms can have a narrower linewidth compared
to that of conventional lasing [5]. We measured the spectrum of superradiant lasing by using the heterodyne-style
photon-counting second-order correlation spectroscopy (PCSOCS) [6]. Specifically, the second-order correlation function
of the heterodyne signal formed by the lasing output and a local oscillator was measured in order to obtain the
autocorrelation function, and the spectrum was then obtained by performing a Fourier transform of it.

2. Results

2.1 The frequency of a superradiant laser with the pump-atom detuning

The atoms with controlled phase via a nano-hole array are prepared in a superposition state by a pump laser and then
traverse a high-Q cavity. When the cavity and the pump laser are off-resonance, the atomic state can be written in the
cavity rotating frame as [7]

N
W) asom = [ [5in(0/2)[g); + cos(8/2)e o) ) ]

i=1

where N is the number of atoms in the cavity, g(e) represents the ground (excited) state of the atom, wp(w,) is the
(resonance) frequency of the pump laser (cavity), ¢; is the arrival time of the ith atom at the cavity, and 6 is the
colatitude with respect to the polar axis in the Bloch sphere.

When the pump laser and the cavity are on resonance, the atomic state becomes an atomic coherent state,
leading to the occurrence of superradiance. Therefore, the atomic dipole always oscillates at the atomic frequency, but
due to the phase imprinted by the pump laser, enhanced radiation occurs at the pump frequency. Fig. 1la shows the
results of the Quantum Trajectory Simulation (QTS) with varying pump-atom detuning Ajextpa = w, — w, (wWhere wyq
is the atomic frequency) when w, = we. It can be observed that the frequency of a superradiant laser follows the pump
laser. The observed spectrum of a superradiant laser is shown in Fig. 1b.

2.2 Spectral properties of a superradiant laser

Fig. 2a and 2b respectively show the superradiant laser linewidth and laser linewidth FWHM measured while varying
the intracavity photon number (n) and the pump laser linewidth FWHM. Unlike the bad cavity superradiant laser,
where the linewidth of the superradiant light depends on the intracavity photon number [5], we observe that the
linewidth remains unchanged since atomic coherence is injected by the pump laser (Fig. 2a). When the pump laser
linewidth was much narrower than the cavity linewidth, the superradiant laser linewidth was the same as the pump
laser linewidth. But as the pump linewidth became larger than the cavity linewidth, the linewidth of superradiant
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Fig. 1. Spectrum of a superradiant laser with varying pump-atom detuning. a, QTS results with N,
=20,(g,7)27=(300,95)kHz,7=0.1 ps, w. = wq. Here 7 is the transit time of the atoms, N, is the number of atoms in the cavity
during the cavity decay time. b, The measured spectrum with A,, 27r=0,-1.0,+1.0MHz. Symbols correspond to the data points,
solid lines are the lorentzian fitting curves.

lasing approached the cavity linewidth(Fig. 2b). This indicates that the role of the quantum coherence reservoir shifts

from the atoms to the cavitv photons as the pumnb laser linewidth increases.
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Fig. 2. The linewidth of the superradiant laser. a, The superradiant laser linewidth FWHM dependence on (n).
Pump linewidth FWHM is 80kHz. b, The superradiant laser linewidth FWHM dependence on the pump laser linewidth FHWM.
The blue squares are data points from the experiments, the red solid line is the numerical solution by the QTS. In (a), (b),
Wa = Wp = We, and error bars indicate the standard deviation from the fitting errors.

3. Summary

We measured the spectrum of a superradiant laser in a good-cavity limit. We confirmed that the frequency of the
superradiant laser follows the frequency of the pump laser. We experimentally demonstrated that the linewidth of
the superradiant laser depends on the linewidth of the pump laser rather than the number of atoms in the cavity. As
the linewidth of the pump laser used for coherent pumping increases, the atoms lose coherence, and the role of the
coherence reservoir shifts to the cavity photons.
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High-resolution microwave frequency identification via a hybrid
microbottle cavity

Kang Xu''#, Wenyu Wang"#, Hao Wen', Lei Shi“>*, and Xinliang Zhang"?3

Abstract: We experimentally demonstrate a scheme for frequency identification of microwave signals via photothermal
effect in a hybrid microbottle cavity. This system is capable of measuring microwave signals at frequency up to 25 GHz
with a high resolution.

1. Introduction

Photonic-assisted microwave frequency identification has been extensively explored and widely applied for civil and
defense applications [1]. Frequency-to-time mapping (FTTM) is one of the most commonly used measurement methods
in which microwave frequencies are linearly mapped to the time delays of the spectrum. To implement a FTTM
system, a narrowband and tunable optical filter is usually required, which determines the frequency resolution and
range of the measurement system [2]. In this work, we demonstrate a microwave frequency identification, leveraging
an ultrahigh @) microbottle cavity as an optical filter. Besides, iron oxide nanoparticles with excellent photothermal
performance are coated on the end surface of the microcavity and enable a frequency sweep span of over 30 GHz by
feeding the control light along the axial direction. Our work achieves a frequency measurement range of 10-25 GHz
with a root-mean-squares error of 206.8 MHz and has great potential for application in future advanced microwave
photonic processor.
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Fig. 1. Schematic of the proposed microwave frequency identification system. TLS: tunable laser source; PC: polarization
controller; EOM: electro-optical modulator; BP: band-pass filter; PD: photoelectric detector; AWG: arbitrary waveform generator;
AOM: acoustic-optical modulator; PM: optical power meter. (b) Optical microscope image of the hybrid microbottle cavity. (c)

Measured @ factor of the microcavity in the 1550 nm band.

2. Experimental setup and results

The experimental setup is shown in Fig. 1(a), which includes two parts: the probe light branch and the control
light branch. For the probe light branch, an unknown microwave signal is modulated on an optical carrier using an
electro-optical modulator. The modulated optical signal is amplified by a commercial erbium-doped fiber amplifier
(EDFA), and a band-pass filter is used to remove the optical carrier, negative primary sideband, and the noise of the
EDFA. Then, the positive first-order sideband optical signal is coupled into the ultrahigh-@) microbottle cavity by a
microfiber. In order to avoid dense modes of the microbottle cavity, we use the backscattering mode, which usually has
a high @ factor. For the control light branch, the laser modulated by a sawtooth signal with a period of 500 ms is
injected into the microcavity in the axial direction, resulting in a thermal tuning of the resonant frequency. Due to
the high photothermal conversion efficiency of iron oxide nanoparticles, the dynamic tuning range of the microcavity
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mode resonant frequency can be set as 30 GHz by feeding appropriate power of control light. When the resonant mode
sweeps through the probe light signal, a resonant peak is generated. The frequency frp of the microwave signal to be
measured can be expressed as:

B
fRF:?XAT

where B and T are the frequency sweep span of the resonant mode and the period of the driving signal applied to
control Light, and At is the measured time delay of the optical pulse. The optical microscope image of the microbottle
cavity is shown in Fig. 1(b), and the Q factor is 7.7 x 107.

The experiment result is shown in Fig. 2. We first measure the thermal tuning performance of the microcavity
by varying the control optical power. The corresponding resonant frequency shift has a linear relation with the control
optical power as expected, which guarantees microwave frequency to be mapped linearly to time, shown in Fig. 2(a). We
verify the system performance by measuring different frequency microwave signals from 10 GHz to 25 GHz, with a step
of 1 GHz. Fig. 2(b) shows the measured result and error for each input microwave signal, illustrating that the system
has the ability for broadband microwave frequency identification with a root-mean-squares error of approximately
206.8 MHz.
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Fig. 2. (a) The resonant frequency shift of the microcavity varies with the control optical power. (b) Measurement result
and error for different frequency input microwave signals.

3. Summary

High-resolution microwave frequency identification based on an ultrahigh-@ microbottle cavity is demonstrated. The
photothermal effect is used to realize linear tuning of the resonance mode frequency, enabling the mapping of microwave
frequency to time. The measurement system has a root-mean-square error of 206.8 MHz within the frequency range of
10 25 GHz.
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Abstract: We studied the locking of two nearly degenerate modes in an asymmetric optical microcavity. We extend the
semiclassical Lamb laser theory to describe the locking process, thereby revealing a crucial effect of an exceptional point.

1. Introduction

Non-Hermitian systems, where the interactions with the environment are not negligible, have gathered much attention recently,
stemming from the feasibility of open systems in real experiments. Among such systems, two-dimensional microcavity lasers
have been subjected to extensive studies of fundamental physics such as wave chaos and laser dynamics. Nonlinearities due to
the lasing medium as well as cavity geometry have been investigated in terms of the locking of two or more resonance modes,
often with symmetric cavities.

In addition, open cavities with no geometrical symmetries display highly non-orthogonal and nearly degenerate resonance
pairs, known as chiral pairs, comprising imbalanced clockwise (CW) and counterclockwise (CCW) propagating wave components.
Such asymmetric optical microcavities have much potential for the theoretical understanding of laser dynamics unique to these
cavities and for practical applications such as highly sensitive gyrosensors.

This research investigates the laser dynamics of an Asymmetric Limagon Cavity (ALC) expressed in polar form as
r = 1o [l + €1 cos(f) + €2 cos(20 4 §)], with parameters rg = 1, e1 = 0.1, e2 = 0.075, and & = 0.6187. The cavity has no
geometrical symmetries; thus, the resonances appear as chiral pairs. We particularly focused on the chiral pair for which the
intensities of wave functions are localized along the triangular orbit, as shown in Fig. 1.

Furthermore, to qualitatively show the amount of CW and CCW components within the wave functions of the chiral pair,
they were expanded in terms of the Bessel function to represent angular momentum distributions, as shown in Fig. 2. As can be
seen, the amount of CCW components is dominant over CW components. This imbalance can further be quantified as chirality
X, ranging from 0 to 1; when y = 0, the amounts of CW and CCW components are equal, whereas when x = 1, only CCW
components exist in the mode of interest.

The research aims to theoretically explain the global laser dynamics represented by the locking of those chiral pair modes
and the dependence of the laser dynamics in an asymmetric cavity on the chirality and its relation to the exceptional points
(EPs) in a space of two independent cavity parameters at which both complex eigenvalues and eigenstates coalesce.

Fig. 2. The angular momentum distributions of the chiral pair with wave numbers of k = 10.5825 — 0.0029¢ (left) and
k = 10.5826 — 0.0028: (right), respectively. [4]

2. Laser Numerical Simulations

Considering the nonlinear effects of the geometrical shape and the laser medium of the cavity, Maxwell-Bloch (MB) equations
were solved by the Finite-Difference Time-Domain (FDTD) method. As shown in Fig.3(a) and (c), the state stabilizes to either
CW or CCW stationary lasing state, depending on the initial conditions. Superpositions of the chiral pair using two different
phase shifts reproduced the results of the lasing simulations as shown in Fig.3(b) and (d). Therefore, the lasing states can be
described by the locking phenomenon of the chiral pair.
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In addition, the laser simulations were performed under the same conditions as above except for pumping powers. Despite
the dominance of CCW propagating wave components in the chiral pair mode, the intensities of CW and CCW stationary lasing
states were almost the same for all the different values of pumping powers.

(a)
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Fig. 3. A time-averaged intensity pattern in the stationary lasing regime (a)(c) and wave function patterns of the chiral
pair superposed with zero (b) and 7(d) phase shifts. [4]

3. Semiclassical Lamb Laser Theory

To theoretically explain the numerically observed laser dynamics, the semiclassical Lamb laser theory was introduced. The
resulting laser dynamics derived by expressing the Maxwell-Bloch (MB) equations in terms of superpositions of chiral pair modes
is reduced to differential equations of three variables: the electric/magnetic fields of chiral pairs, F1 and E», and the phase
difference between them .

Moreover, some dynamical quantities were derived analytically from the reduced equations. These quantities include the
fixed points corresponding to counterclockwise (CCW) and clockwise (CW) lasing states, the basin boundary surface (BBS),
which separates the basins into CW and CCW states, and the volume of the BBS.

One important implication of the reduced equations is that the laser dynamics depends on chirality. As shown in Fig.
4, the volume of the BBS of the CW lasing state decreases and eventually vanishes as x approaches 1, corresponding to the
exceptional point (EP), where only CCW components are present. This volume dependence on chirality was tested numerically
and compared with analytical results.

Furthermore, the lasing intensity was analytically expressed in terms of lasing parameters and is independent of chirality.
This result can be physically interpreted as the inferiority of the CW component in each chiral pair being compensated by the
large growth of amplitudes E; and E> of the CW lasing mode during the mode competition.
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Fig. 4. Dependence of the BBS (orange) volume on x. x = 0.1,0.5,0.9 from left to right. The fixed points corresponding
to clockwise (CW) and counterclockwise (CCW) lasing states are indicated as blue and red dots, respectively.

4. Search for an Exceptional Point

With the aim of executing the lasing simulation and confirming the laser dynamics at this point, the search for an exceptional
point was performed. Two independent cavity parameters of the Asymmetric Limagon Cavity (ALC) were varied while the wave
numbers of the chiral pair were calculated using the Boundary Element Method for each cavity shape. As a result of the search,
when €; and 0 were varied, the real and imaginary parts of the wave numbers of the chiral pair displayed topological structures
analogous to the Riemann surface of 1/z.

Furthermore, the chirality of each point in the parameter space was calculated. The point in the parameter space of €;
and § of maximum chirality approximately corresponded to the values of €; and § at which the real and imaginary parts of the
wave numbers of the chiral pair were almost degenerate. The angular momentum distributions at maximum chirality displayed
only the counterclockwise (CCW) propagating wave component.

Therefore, both the eigenvalues and eigenvectors coalesced at this special point, indicating that this point is indeed
an exceptional point. The maximum chirality reached as a result of the EP search with finer resolution of parameters was
0.99974016 at (e1,d;€2) = (0.1009, 1.577;0.075).

5. Summary and Future Research

The laser dynamics was theoretically described by locking of the chiral pair, revealing the dependence of its global structure on
the chirality. A second-order EP was found when varying two independent cavity parameters, and its accuracy and precision are
expected to improve in future research so as to be used to test the extreme laser dynamics at the EP.
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Surface-acoustic-wave-assisted vibrational spectroscopy using
an integrated microresonator

Quan-Xin Luo', Jia-Wei Meng', Zhuojun Liu', Qihuang Gong', Shui-Jing Tang', and Yun-Feng
Xiao"*

Abstract: We research the coupling between surface acoustic waves (SAWs) and microcavities based on-chip silicon
nitride microresonator systems. This approach ensures the microcavity mode is unaffected by the sample and provides
a larger sensing area. (C) 2024 The Author(s)

1. Introduction

Vibration of micro- and nanoparticle has always been an intriguing topic for researchers, encompassing various types of
functional particles such as metallic particles, dielectric particles, magnetic particles, as well as biological particles
like cells, bacteria, and viruses. Optical microresonators can tightly confine optical fields, significantly enhancing the
interaction between light and matter. Researchers have utilized this property to detect particle vibrations, leading
to a series of studies and advancements in this field [1-3]. Our recent work proposed a single-particle vibrational
spectroscopy technique [4]. The natural vibrations of mesoscopic particles are stimulated photoacoustically by the
absorption of a short laser pulse and acoustically coupled to high-Q optical resonances of the microresonator for
real-time detection.
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Fig. 1. (a) Natural vibrations of the particle are stimulated by a pulsed laser and generate propagation acoustic waves
through the integrated optical micro-device subsequently, which couple to the whispering-gallery-mode of the micro-disk. (b)
Longitudinal section view of the displacement field as acoustic waves transmit through the on-chip platform. The generated
acoustic waves consist of surface waves (blue curve) and body waves (brown curve). (c) Simulation result of the acoustic signals
as the particle is about 38 um away from the microcavity. (d) Measured acoustic signals in the time domain by monitoring the
shifts of the optical transmission mode.

Here, we extend this vibrational technique to integrated microcavity systems, leveraging the characteristics of surface
acoustic waves (SAWSs) to achieve the far-field detection of particle vibrational spectra. We designed and fabricated
an on-chip coupling system consisting of silicon nitride microcavities and waveguides, in which the quality factor (Q)
of the whispering-gallery-mode (WGM) reaches 2x10° at the 780 nm wavelength band. The propagation properties
of SAWs can be used to realize far-field detection of the natural vibrational spectra of particles. Compared with the
near-field methods, this approach ensures that the microcavity mode remains unaffected by the analyte while also
offering a larger sensing area.

The working principle of the SAW-assisted vibration detection is illustrated in Fig. 1(a). The particle is
stimulated by a 532 nm pulsed laser (pulse width: 200 ps). The vibrations are transferred to acoustic waves propagating
through the integrated micro structure. They alter the refractive index and the boundary of the microcavity, and
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thereby modulate the frequency of the optical resonance. We calculate the displacements generated by acoustic waves
as the particle is about 38 pm away from the microcavity. Here, we assume that the particle vibrates in the breathing
mode (11 0y, the displacement of vibration contains only the radial component) with a specific vibrational pattern and
frequency, and their driving amplitude decays exponentially over time. The signals are clearly divided into two parts as
shown in Fig. 1(c): surface acoustic waves (SAWs) and bulk acoustic waves (BAWs). The velocity of BAWs is higher
than that of SAWs.
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Fig. 2. (a) Microscope images of a 2.7-pum-radius PS particle at varying distances from the microdisk. (b) The temporal
acoustic signals are detected by the transmitted power of the probe laser with the different distances between the particle and
the microdisk, as illustrated in (a). The green dashed line marks the initial time as the laser pulse excites the particle. The grey
and red dashed curves indicate the initial arriving peak signals of the BAW and the SAW, respectively. (c¢) The corresponding
vibrational spectra derived from the signals in (b).

In our experiments, a tunable continuous laser (780 nm band) is coupled into the microdisk and is slightly
detuned from the optical resonance. Real-time readout is achieved by monitoring the transmitted power modulated by
acoustic waves. Varying the distance between the polystyrene (PS) particle and microcavity, mechanical vibrational
signals carried by SAWs are measured experimentally (Fig. 2(b)). It is observed that the arrival time of the SAWs
increases with distance, and the signal amplitude gradually decreases. Due to the significant attenuation of BAWs
signals, they are obscured by system noise. The vibrational spectra are derived from the power spectral density (PSD)
of the transmitted light. The signal-to-noise ratio of the breathing mode v(; ) decreases as the distance increases.

In summary, we propose a SAW-assisted vibrational spectroscopy using an integrated microcavity. The SAWs
carry the natural mechanical information of the particles, are detected by a silicon nitride microdisk. Through simulation
and experimental studies, the propagation characteristics of SAWs are analyzed at various distances between the
particle and the microcavity. This far-field detection method provides significant advantages in practical applications.
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Precision Spectral and Spatial Optimisation of Whispering
Gallery Modes in Microbubble Cayvities

Ramgopal Madugani'*, Amal Jose', and Sile Nic Chormaic'

Abstract: Hollow whispering gallery mode (WGM) devices, such as microbubbles, could enable spin (polarisation)
and orbit interaction of light. We explore precision fabrication methods for microbubble-type hollow cavities to
achieve WGM selection and their spectral and spatial isolation. Further, we aim to engineer the devices for directional
emission-enhanced sensing. (C) 2024 The Author(s)

1. Introduction
Optical whispering gallery resonator (WGR) research has been a focus for photonics and sensing applications, due to
the cavities’ high Q-factors, small mode volumes, and on-chip integration possibilities [1-3]. The WGM microbubble
resonator, being a special geometry with a hollow shell, offers several advantages, such as low cost of fabrication,
pressure-based linear tuning of the optical modes, and in situ sensing with minimal environmental interference [3-5].
Furthermore, they also offer high Q-factors and low mode volumes, similar to microspheres.

The hollow shape of the microbubble could also offer a unique opportunity to observe optical spin-orbit coupling.
The spin-orbit interaction of light is primarily studied in free-space optics, such as optical tweezers [6]. Very recently,
spin-orbit coupling in a Fabry—P “erot microcavity has been observed [7], as polarization (spin)-resolved modes, that is,
a fine structure, in close resemblance to atomic fine structure. There have been limited experimental investigations of
this phenomenon in WGM-type cavities. For example, hollow-cone, three-dimensional (3D) geometry microcavities
have been explored for spin-orbit coupling theoretically [8]. Experimentally, rolled-up and Mobius strip microcavities
have been studied to date [9, 10]. In this work, we explore methods for the fabrication and characterisation of cone-like
(i-e., axially varying diameter or effective refractive index) hollow microcavities as shown in Fig. 1 to achieve WGM
optimisation and control. This may enable us to develop the next-generation of optomechanical sensors, such as
accelerometers, or micro-nano particle sensors.
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Fig. 1. Realising the spin-orbit coupling of light in hollow cone-like WGM microcavities. (a) Hollow cone-like WGM
microcavity with (b) cross-section profile and mode redistribution comparison, for increased wall inclinations (or effective
refractive index variation), from left to right. A cone-like profile in microbubble-like, thin wall hollow cavities by (¢) HF chemical
etching (or femtosecond laser ablation), (d) focussed ion beam (FIB) milling of a nano-hole pattern (to select the WGM), and (e)
on-chip fabrication.

2. WGM optimisation by focussed ion beam milling

Here, we explore focussed ion beam (FIB) based processing [11] of the microbubble cavities prefabricated using a
focussed CO4 laser on tapered glass capillaries while pressurising with Ny gas [4]. Due to the bottle shape, microbubble
cavities possess a dense spectrum of WGMs with the same radial and azimuthal but different polar mode numbers
(mode degeneracy lifting). To be used for sensing or trapping applications, mode isolation and optimisation may be
required. As a first step, here we explored rectangular and circular shaped milling of microbubbles off-equator, as
shown in Fig. 2, and observed significant mode filtering, when coupling light from a tunable 1550 nm laser to the cavity
through a fibre taper. Furthermore, we milled around the equator to vary the wall thickness by writing nanolines and
circles with dimensions smaller than 500 nm. Despite these modifications for spatial and spectral control, the device

116 Poster Sessions



Ramgopal Madugani - Precision Spectral and Spatial Optimisation of Whispering Gallery Modes in
Microbubble Cavities

sustained selected WGMs with up to 10° Q-factors. Further testing and fine-tuning this milling procedure may enable
us to precisely control selected WGMs and induce the spin-orbit interaction.

Fig. 2. FIB-based microbubble cavity modification for WGM filtering and control by off-equator circular shaped milling
(left), rectangular milling (centre), and nanolines around the equator. A combination of rectangular microslot and nanocircle
milling (right) with insets showing zoomed view and fibre taper coupling to the cavity to excite the WGMs

3. Conclusion

We demonstrated WGM spectral and spatial control using FIB milling on a microbubble cavity wall. Further refinement
of this technique may enable us to control specific WGMs and provide spin-orbit interaction of light. The pressure-tuning
ability of these devices may aid us in the near- and far-field observation of such an interaction. Furthermore, it is
possible to interface the resonators with micro or nanoparticles (by filling them with liquid particle solution) to study
spin-orbit-induced dynamics.
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Abstract: This work finds that chaos in optical microcavities enhances local chirality. The local chirality can be
transformed to the global chirality by a scatterer.

1. Introduction

Chirality is an intensively studied field in microcavity. The break of mirror symmetry in microcavity will lead to
chirality—-the difference in the intensities of clockwise and counterclockwise propagating light. Here, we theoretically
and experimentally investigate the chaos enhanced chiral fields in optical microcavities. A small scatterer in a chaotic
microcavity will induce a strong chirality. The mechanism responsible for this is that symmetry breaking is enhanced by
chaotic phase space dynamics which results in the local chirality. And the local chirality can be transformed to global
chirality by asymmetric scattering. By fabricating a chaotic microcavity with gain material and pumping it with pulsed
light, we experimentally observe an order of magnitude enhancement of the clockwise and counterclockwise propagating
light field intensity ratio. Our work reveals the principle of the chiral fields formation in chaotic microcavities and
improves our understanding in the open chaotic system.

2. Some details

2.1 Research system

The chaotic microcavity with mirror symmetry is used for study. A scatterer is added in the microcavity, and the
chaotic microcavity has a much stronger chirality than elliptical microcavity.

A
Elliptical cavity Chaotic cavity

1 - T
» Chirality

Chirality

transforme r " transformer
. CW
R G ~ o
A 5 ccw cw
cCCw ' @
205 0.5
=1 1 )
E n Lk it D .|.-.r-;. Ly |
40 -20 0 20 40 -40 -20 0 20 40

Angular momentum m  Angular momentum m
Fig. 1. Research system.

2.2 Mechanism of the formation of chirality
The chaotic microcavity breaks time reversal symmetry spontaneously and results in the local chirality. The local
chirality can be transformed to global chirality by asymmetric scattering.
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Fig. 2. Physical mechanism of the formation of the local and global chirality.

2.8 Ezxperimental setup and mazimum measured chirality

The chaotic microcavity is fabricated by photolithography and coated with gain material. The maximum ratio of the
CW intensity with respect to the CCW intensity measured in the experiment is 11.48.
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Fig. 3. Experimental setup and maximum measured chirality.

3. Summary

Our work reveals the physical mechanism of the chirality formation of chaotic microcavities and this is verified in
experiment. This finding improves our understanding in the open chaotic system.
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Coupling of NV centers in diamond to adiabatically tapered
optical nanofibers
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Abstract: Tapered optical fibers efficiently couple with quantum emitters on their surface. We demonstrate coupling
nitrogen-vacancy (NV) centers in nanodiamonds with tapered fibers, enhancing fluorescence collection for hybrid
quantum devices in quantum sensing applications. (©) 2024 The Author(s)

1. Introduction

Tapered optical fibers as one-dimensional waveguides can provide efficient coupling between their fundamental mode
and quantum emitters placed on their surface. Single nanodiamonds containing NV centers have for the past few
years been integrated with optical fibers by different research groups for quantum applications through the following
categories: placing diamond directly on the surface of multimode fiber [1], putting single nanodiamonds directly on
the fiber endpoint or inside the fiber [2], and coupling the NV’s fluorescence to the evanescent field of an optical
nanofiber where NV centers are embedded in single nanodiamonds or diamond nanostructures [3]. Here we demonstrate
an experimental technique for coupling nitrogen-vacancy (NV) centers in nanodiamonds with tapered fibers. The
fluorescence of NV centers is collected by the fiber via the nearfield interaction between the NV centers and the tapered
region of the fiber. The results will be helpful in the development of hybrid quantum devices for applications in
quantum sensing.

2. Tapered fiber fabrication process

The fiber tapering process involves the application of heat as conventional fiber is stretched. As the fiber is drawn, it
undergoes a reduction in diameter, adhering to the principle of mass conservation. Figure 1 illustrates the tapered
optical fiber structure. When the diameter is less than 1 pm, the waist of the tapered fiber is called an optical nanofiber
(ONF). Conversely, if the diameter exceeds 1um, the waist region is referred to as an optical microfiber (OMF).
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Figure 1. Schematic of a tapered optical fiber.

This fabrication method uses a hydrogen and oxygen gas flame to create the tapered optical fiber. The gas
temperature is carefully regulated by adjusting the gas flow rate. The process begins by removing the jacket from a
section of optical fiber, which is then securely clamped to a motorized stage. Subsequently, the oxygen-hydrogen flame
is brought near the fiber and remains stationary. As the flame heats the fiber, motorized stages pull the fiber ends
away from the heating direction, resulting in taper formation. For the formation of a longer taper, it is essential to
heat a larger volume of the fiber uniformly. To achieve this, the two motorized stages, where the fiber is clamped, are
attached to another stage, enabling the entire system to move back and forth. This makes the flame brush the fiber
while creating the taper.

The taper’s length and shape depend on the pull length and hot zone parameters specified during the tapering
process. Fixing the hot zone parameter ensures that the taper follows an exponential profile pattern. To obtain high
transmission, it is important to satisfy the adiabatic criterion (gradual tapering process to smoothly transfer optical
power from the original fiber to the tapered region without causing significant loss or mode conversion), ensuring that
the tapered region is small enough to allow only fundamental guided mode [4]. Figure 2 shows a scanning electron
microscope (SEM) image of fabricated tapered nanofiber using a fiber tapering rig in our lab.
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Figure 2. Scanning electron microscope (SEM) image showing tapered optical nanofiber fabricated using a fiber tapering
rig in our lab.

3. Coupling of NV centers to tapered optical nanofibers

We developed the experimental procedure to manipulate and characterize the individual nanodiamonds on optical
nanofibers. Nanodiamonds with NV centers are prepared on a coverslip using a spin-coating method, then picked and
placed on the nanofiber deterministically using tungsten tips of a few tens of micrometers. Fluorescence signal from
the NV centers is collected via the ONF and exhibited optically detected magnetic resonance by applying a microwave
signal at the appropriate frequency.
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Abstract: We propose a novel FDTD-based method for analyzing resonant modes in large-scale optical systems with
lower computational memory requirements. This method efficiently divides the calculation area into subdomains and
uses transformation optics to manage non-rectangular geometries. (©) 2024 The Author(s)

1. Introduction

To analyze the full-wave characteristics of optical resonators in devices like optical gyros or semiconductor lasers,
resonant modes must be calculated using Maxwell’s equations with specified boundary conditions. Numerical methods
such as the finite element method (FEM) [1] and finite difference time domain (FDTD) [2] method are commonly
used, but they become impractical for large-scale optical systems due to exponentially increasing computational
costs. Systems with cylindrical symmetry can reduce calculation dimensions, but for extremely large systems without
symmetry, obtaining optical mode properties is computationally infeasible. This paper proposes a novel FDTD-based
simulation method to obtain optical modes in large-scale systems. The method involves dividing the computational
area into feasible subdomains and sequentially computing fields along the light propagation direction. We validate this
method by comparing FEM results in a Fabry-P “erot resonator with our FDTD results. Additionally, we demonstrate
its application by calculating optical modes in a 3-mirror ring resonator, using transformation optics (TO) [3] to
map non-rectangular subdomains to rectangular ones for FDTD calculations. This method aims to aid the design of
large-scale optical systems by figuring out the full-wave characteristics of optical modes.

2. Methods

In this paper, we propose a novel FDTD-based approach specifically designed to overcome the high computational
demands of simulating resonant modes in large-scale optical systems such as 3-mirror ring resonators. Our method
significantly reduces computational memory requirements by strategically dividing the optical system into smaller,
manageable subdomains, each calculated sequentially.

Conventional methods define the simulation region as encompassing the entire optical system, as shown in the
gray area of Fig.1 (a), which is an inefficient approach considering the finite computational resources available. To
overcome computational limit, the computation process of our method starts by segmenting the entire system into two
types of subdomains based on their functionality and geometry. As shown in Fig.1 (b), subdomain A includes areas
with mirrors, and Subdomain B consists of the spaces between the mirrors where light propagates freely. This division
allows us to focus computational efforts where most needed, following an iterative pattern that matches the physical
layout of the 3-mirror configuration.

One of the main challenges in applying the FDTD method to systems with non-orthogonal geometries, such
as the 3-mirror ring resonator, is the angular disposition of the mirrors, which typically form a 60-degree angle with
each other. Conventional FDTD methods rely on Cartesian grids, which are not naturally suited to handle angles that
deviate from 90 degrees. To overcome this, we use transformation optics (TO) to effectively map these non-rectangular
subdomains into rectangular computational domains, as shown in Fig.1 (¢). This essential step involves adjusting the
refractive index distribution within the subdomains to enable accurate simulations within the constraints of a Cartesian
mesh. The color distribution in Fig.1 (d) represents the required refractive index distribution to map non-rectangular
subdomain A into rectangular subdomain A’. Figure 1 (e) illustrates the sequential computational flow across the
subdomains, where the output from one serves as the input for the next, facilitating a continuous and integrated
simulation process. While the geometrical configuration within the iteration loop may seem rectangular as a result of
mapping the non-rectangular subdomain into a rectangular shape, the actual configuration is triangular in practice.

3. Summary

In this study, we have proposed a novel FDTD-based simulation method designed to efficiently handle largescale
optical systems. This approach significantly reduces the computational memory demands by segmenting the simulation
area into manageable subdomains, utilizing transformation optics to accommodate non-rectangular geometries in
systems like 3-mirror ring resonators. To validate our method, we conducted initial comparisons with traditional
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Fig. 1. Schematic of the proposed method for 3-mirror ring resonator. (a) Conventional simulation region, compassing
3-mirror system. (b) Two types of subdomains organized along the optical path with manageable size. (c¢) Conformal mapping of
non-rectangular subdomain A to rectangular A’. (d) Refractive index distribution obtained by transformation optics. (e) The
field information from the output of the previous subdomain is used as the input for the next subdomain.

FEM results obtained from COMSOL Multiphysics applied to a Fabry-P “erot resonator. Further application of our
method to the more complex 3-mirror ring resonator—common in advanced ring lasers and gyro-sensors—confirmed
its effectiveness. Our findings show that while drastically reducing memory requirements, our approach achieves a
high fidelity in simulation outcomes, with less than a 5% deviation in the Q-factor when compared to detailed FEM
simulations. This substantiates the potential of our method for broader application in optical device design, significantly
advancing capabilities for modeling and analyzing intricate optical behaviors previously constrained by computational
limitations.
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Soliton Microcombs in the High-Q Lithium Niobate Microres-
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Abstract: We demonstrated a self-emerging, broadband soliton microcomb in an integrated z-cut lithium niobate
microresonator. Through precise dispersion engineering, the octave soliton microcombs was realized, covering a spectral
range from 130 THz to 263 THz.

1. Introduction

In recent years, dissipative Kerr solitons (DKSs) generated in the high-Q microresonators have attracted significant
attention due to their remarkable advantages, which encompass compact size, minimal power consumption, and high
integration[1]. The fully coherent comb lines, characterized by a high repetition rate and low noise, have found broad
applications across diverse fields including quantum key distribution, precision spectroscopy, lidar, optical clocking, and
optical frequency synthesis. However, accessing soliton states has traditionally been challenging due to the difficulty in
capturing and maintaining them, as the abrupt power drop from the chaotic state to the soliton state can lead to the
rapid cooling of the microresonator and immediately quench the soliton state.

W=1.25um

W=1.35um
it —— 340mW
150mWwW

Intensity (dBm)
&
[

E O =

3 % -80} e

> >

B 2100

5 5

= i =

- 1560 1570 1580~ 4.456 4.458
Wavelength (nm) Frequency (GHz)

Fig. 1. (a)—(c) Optical spectra of single soliton microcombs with different widths of microring. The inset shows the zoom-in
view of the spectrum. (d) Typical spectra of the electro-optic comb (orange) and the partial soliton microcomb (blue). (e) Beat
note signal recorded by the ESA.

2. Some details

In this paper, we demonstrate a self-emerging, broadband soliton microcomb in an integrated z-cut lithium niobate
(LiNbO3) optical microresonator [2,3], which has the typical loaded Q factor around 0.7 x 10°. By harnessing
the photorefractive effect of lithium niobate to significantly extend the soliton existence range, a spontaneous yet
deterministic single-soliton formation is observed. Specifically, we show that the single soliton state is stable in the
laser frequency range of 1.28 GHz and can be operated stably in the on-chip power range from 60 mW to 220 mW,
demonstrating strong robustness to both frequency and power changes of the pump laser. In addition, we show the
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system’s ability to recover from perturbation, long-term operation up to 13h, and turnkey soliton generation with a
pre-programmed DFB laser [4]. Furthermore, through precise dispersion engineering for the soliton microresonator, the
octave soliton microcomb is operated at an on-chip pump power of 340 mW, covering a spectral range from 130 THz to
263 THz. The repetition rate of the soliton microcomb is precisely measured by the EO comb generated by an x-cut
LN racetrack microresonator, as shown in Fig. 1 [5], which is essential for implementing the f — 2f self-referencing
technique.

3. Summary

In conclusion, we demonstrate the generation of the octave soliton microcomb using a LN microring resonator based on
the z-cut thin film Lithium Niobate. By introducing precise control over film thickness and etching depth, we anticipate
a significant enhancement in the flexibility of dispersion engineering for soliton microcombs. Additionally, dispersion
profiles can be further tailored through advanced techniques such as inverse design to mitigate phase mismatches and
boost the power of comb lines, leading to a broader and more efficient spectral range.
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Properties extraction of optical microcavity coupling system
based on coupled mode theory-informed neural network
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Abstract: In this paper, a neural network algorithm embedded with coupled mode equations is proposed. The
experimental results are in good agreement with the predicted results in the extraction of optical microcavity coupled
system properties. (C) 2024 The Author(s)

1. Introduction

Due to their high-quality factors and small mode volumes, optical microcavities have become ideal platforms for
studying coupled systems such as exceptional point [1,2], topological photonics [3,4], and optical Ising machines [5,
6]. Designing and optimizing these coupled systems require fitting a large number of spectra using coupled mode
theory (CMT) equations to extract physical properties of the system, such as resonance wavelengths, losses, and
coupling coefficients. This process not only consumes significant computational resources but also inevitably results
in multiple sets of fitting values, making the design and optimization of microcavity coupled systems a substantial
challenge.Machine learning methods have shown great potential in inverse data extraction and optical structure design
[7-9]. However, traditional machine learning approaches lack physical constraints on the output parameters and
perform poorly with highly nonlinear relationships and multi-parameter problems, limiting their application in complex
physical issues.

Prodicted Specirum

_Himnsmbisian

Transmisabon
g

Q| @
T T
m}“ mgihinm)

Calculate I I] !

W s win | win

Wi | Wy
[ Bz: — Broon: Pioe

ity Yo+l —s

ra
T 7 oy — dgyraa — TS

doy o (et
= lwa

az — (igha + VForbere! ™)y —¥e! a5,

Fig. 1. Schematic diagram of CINN architecture. W and w represent the predicted wavelength and wavelength parameters
in Coupled Mode Theory (CMT); . is the coupling strength between the microcavity and the incident light; -y is the microcavity’s
own loss; g is the coupling coefficient between the microcavities; P and 0 are the predicted phase difference between the two
cavities and the phase difference in CMT, respectively; F' is the full width at half maximum (FWHM) of the resonant peak,
which is the sum of ~. and ~.

To address these issues, we propose a Coupled Mode Theory-informed Neural Network (CINN) architecture.
This architecture accurately extracts the physical parameters of the system and overcomes the limitations of traditional
machine learning methods, such as poor interpretability and limitations in strongly nonlinear and multiparameter
systems.Our method meets the high-precision physical parameter extraction needs of coupled systems and provides an
innovative approach to the design and optimization of optical microcavity structures.

2. Results and Discussion

To meet the design requirements, we select the transmission spectra of the microcavities as the optical response
characteristics, while the structural parameters include key features such as FWHM, coupling coefficients, and resonance
frequencies. The neural network learns the mapping between optical response and structural parameters to obtain
predicted values of the structural parameters. Simultaneously, the predicted structural parameters are recalculated
into optical responses using Coupled Mode Theory (CMT). The difference between the predicted optical response and
the input optical response is then calculated and fed back to the neural network through a specially designed loss
function, generating corresponding gradients for backpropagation. Two coupling scenarios in the optical microcavity
coupling system are predicted. Specifically, we predict the variation of the resonant wavelength and loss corresponding
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to a decrease in the coupling distance between the resonator and the fiber cone (gradually increasing ~.) when the
coupling coefficient g is 0, as shown in Fig. 2(a). Moreover, we predict the same scenario when the coupling coeflicient
g is nonzero, as shown in Fig. 2(b). In the figures, black squares represent the physical parameters of cavity 1, red
circles represent the physical parameters of cavity 2, and green triangles represent the absolute difference in resonance
wavelengths between the two cavities. To verify the feasibility of the CINN architecture, we used a system with two
microsphere cavities coupled to a tapered fiber. The experimental setup is shown in Figure 2(c), and the experimental
results are shown in Figure 3(d) and (e). It is worth noting that in order to ensure that g is 0, we let the distance
between the two cavities be large enough, while cavity 1 always remains in the overcoupled state. Fig. 3 shows that
the CINN predictions are in good agreement with the experimental results.
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Fig. 2. (a) CINN prediction results when the coupling coefficient g is 0 and vc2 gradually increases; (b) CINN prediction
results when the coupling coefficient g is not 0 and ~.2 gradually increases; (c) Diagram of the experimental setup: PC
(polarization controller), PD (photodetector), OSC (oscilloscope); (d) Experimental results when the coupling coefficient g is 0
and 7.2 gradually increases; (e) Experimental results when the coupling coefficient g is not 0 and v.2 gradually increases.

3. Conclusion

In summary, we propose a CINN architecture for optical microcavity systems. This architecture has been experimentally
validated, demonstrating its feasibility and accuracy in extracting and characterizing microcavity properties such as
coupling coeflicients, resonance wavelengths, and losses. The CINN addresses the limitations of traditional machine
learning methods and provides an innovative approach to the design and optimization of optical microcavity structures,
with potential applications in sensing and detection.
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Enhancing Cavity Optomechanics by Magnetically-mediated
Photothermal Effect

Wensong Yan', Lu Yao'?, Shui-Jing Tang?, and Yun-Feng Xiao"?3%*

Abstract: We demonstrate high-efficiency excitation of the microresonator’s vibration spectra across a wide spectrum
using an intensity-modulated continuous-wave laser to excite an attached magnetic particle. Our excitation efficiency is
improved by about 4 orders of magnitude compared with radiation pressure-driven methods. (©) 2024 The Author(s)

1. Introduction

Optical microcavities, such as microspheres or microtoroids, can support ultrahigh-Q whispering gallery modes (WGMs)
[1]. These cavities also exhibit mechanical modes driven by radiation pressure [2, 3], but the low intensity of radiation
pressure limits the amplitude of vibrations and restricts the variety of excited mechanical modes due to WGM symmetry.
A promising method to enhance optomechanical coupling is attaching microparticles to the microcavity, where a pump
laser excites acoustic waves, useful for single-particle vibrational spectroscopy [4].

We demonstrate efficient excitation of microresonator vibrations over a broad spectrum using an intensity-
modulated continuous-wave laser to excite an attached magnetic particle, which exhibits a strong photothermal effect
under laser irradiation. A theoretical model is developed to explain the photothermal-driven vibrations, and finite
element simulations confirm the correlation with the microcavity’s inherent vibration spectrum. Our method improves
excitation efficiency by approximately four orders of magnitude compared to traditional radiation pressure-driven
methods. This advancement represents a significant step in optomechanical sensing and phonon lasers.
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Fig. 1. Cavity optomechanics driven with photothermal effect. (a), Experimental setup. Magnetic particles deposited on
the microresonator are irradiated by a intensity-modulated continuous-wave laser to stimulate their forced vibrations. Another
continuous-wave laser is ued to excite the optical whispering gallery mode by setting the wavelength slightly detuned from
the resonance, and the optical transmission is recorded by a photodector. (b)-(c), Real-time oscillation trace and vibrational
spectrum from theortical model and simulation.

Experimentally, we employ a silicon microsphere cavity with a polystyrene particle doped with Fe3Oy4, which is
transferred onto the surface of the microcavity. The magnetic material significantly enhances the particle’s absorption
of the 1550 nm laser. A continuous-wave laser excites the whispering gallery modes of the microcavity, while the
intensity of another continuous-wave laser is modulated, leading to variations in its output power at a specific frequency.
When the modulated pump laser irradiates the particle, it induces temperature changes and thermal expansion due to
the photothermal effect. After the relaxation process, the particle exhibits vibrations that couple to the microcavity
through contact. The system reaches a periodic vibrational state, known as forced vibrations. These vibrations are
detected via variations in the optical modes of the microcavity. At mechanical resonance, which occurs near the
mechanical modes of the microcavity, peaks are observed in the vibrational spectrum.
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A theoretical model is established to analyze the system. Since the system has reached an equilibrium vibrational
state, we focus only on the final state and ignore the relaxation process. Assuming the system vibrates at the same
frequency as the modulation frequency, the displacement distribution takes the form:

Uequ (T, 1) = uo (1) + uy(r) cos(2m ft + ¢(r)) (1)

where f is the modulation frequency. The results calculated by our method are consistent with transient simulation,
and the calculated vibration spectrum shows the frequencies of the particle’s eigenmodes, as shown in Fig. 1(b)(c).
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Fig. 2. Cavity Photon-thermal vibrational spectroscopy. (a), Cavity vibrational spectrum under photon-thermal excitation.
(b), Cavity viabrational spectrum under raidation-pressure excitation. The mode number of the vibrational mode are marked
and listed in the right side.

After frequency sweeping, we can obtain the vibrational spectrum and compare it with the spectrum under the effect
of pure radiation pressure, as shown in Fig. 2. Compared to the traditional radiation pressure excitation method, our
photon-thermal excitation method can significantly enhance the vibrational amplitude, with an increase of up to four
orders of magnitude. By comparing the peaks of vibrational spectrum and the calculated frequencies of eigenmodes,
the types of modes excited by the two methods are given in the table. Our method can achieve almost full-mode
excitation, whereas the radiation pressure method typically has difficulty exciting modes with odd [ values.
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Abstract: We report an ultrasensitive ptofluidic biosensor with high-@Q interface whispering gallery modes in a
microbubble cavity. And the single molecule detection is demonstrated by further utilizing the plasmonic hybridization.
(©) 2024 The Author(s)

1. Introduction

Optical microresonators have emerged as promising platforms for label-free detection of molecules. However, approaching
optimum sensitivity is hindered due to the weak tail of evanescent fields. In this work, we demonstrate an ultrasensitive
optofluidic microbubble biosensor by exploiting the whispering gallery modes (WGMs) peaked at the interface between
the optical resonator and the analyte solution, which are termed as the interface modes. Previously, the microbubble
resonator has been widely used for measuring refractive index, biomolecule concentration, and single nanoparticle
generally by the mode localized in the liquid core. Here, we tune the WGM field profile by varying the wall thickness,
and the maximum of the field intensity is drawn onto the interface. Compared with conventional evanescent sensors,
the present scheme utilizing interface modes promises maximum sensitivity for interfacial molecular analysis, pushing
the detection limit down to 0.3 pg/cm?. Furthermore, the single molecule detection is demonstrated with a plasmonic-
enhanced interface mode. Naturally integrated into a microfluidic system, the sensor with single-molecule sensitivity
exhibits ultrasmall sample consumption down to 10 pL, providing an automatic platform for biomedical analysis.

2. Experimental Results
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Fig. 1. Resonance shifts of the wall modes (blue dashed curves), interface modes (red dashed curves) and core modes
(orange dashed curves) during the sequential addition of citrate buffer (i), biotinylated BSA molecules in citrate buffer (ii),
citrate buffer (iii), and streptavidin proteins in citrate buffer (iv and v).

Experimentally, a microbubble resonator with a wall thickness of about 1 pm is fabricated from a microcapillary by CO4

laser irradiation. WGMs are excited by a tunable laser via a side-coupled tapered fiber, and the transmission spectrum
is monitored in real time. The sensing capabilities of different modes are then characterized by microfluidic experiments
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with two kinds of analytes, biotinylated bovine serum albumin (BSA-biotin) molecules and streptavidin proteins. As 1
uM BSA-biotin molecules gradually enter the microfluidic channel, all WGMs experience red shifts (Fig. 1, ii) due to
the molecular adsorption onto the hydroxylated silica surface. After removing the surplus BSA-biotin molecules with
citrate buffer rinsing (Fig. 1, iii), streptavidin proteins with concentrations down to 50 nM are then delivered into the
microbubble cavity. Further red shifts occur due to specific binding between the two kinds of molecules (Fig. 1, iv).
This specific interaction is also confirmed by the control experiments without BSA-biotin molecule functionalization,
which shows no evident adsorption signal.

Further enhancement of the interface mode via plasmonic hybridization is also demonstrated. With a gold
nanorod adsorbed onto the inner surface of a microbubble, numerical simulation predicts a field enhancement factor
¥ = 2500 at the hotspot. An additional plasmonic enhancement factor ~. in the range of 10! to 10? has been reported
owing to the surface roughness of the gold nanorod or the ion layer around the molecules in the aqueous environment.
The intrinsic @ factor of the fundamental interface mode before and after gold nanorod adsorption is 2.6 x 108 and
8.6 x 109, respectively. Single-strand DNA molecules are then delivered into the Au-decorated microsensor. The
resonant wavelengths of three representative modes are traced, as presented in Fig. 2. Transient steps and spikes
are observed on the trace of the fundamental interface mode, corresponding to the adsorption and the transient
movements of single DNA molecules, respectively. Statistical analysis shows that a single-strand DNA molecule with
m = 8 kDa can induce the resonance shift up to ~ 70 fm. In contrast, on the trace of the wall mode and the core
mode, single-molecule signals are buried in the frequency noises and difficult to be resolved. The noise levels are 3.1
and 23 fm for the high-@ interface mode with AX = 0.2 pm and low-@Q core mode with AX = 2.5 pm, respectively.
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Fig. 2. Resonance shift induced by a single DNA oligo of a fundamental interface mode (orange curve), a wall mode (black
curve), and a core mode (brown curve) with plasmonic enhancement.

3. Summary

In conclusion, we proposed an optofluidic biosensor with the interface modes in a microbubble resonator. The interface
mode features both the peak field intensity at the sensing surface and high-@Q factors, enabling a detection limit as low
as 0.3 pg/ cm?. Furthermore, the proposed scheme can be directly incorporated with other SNR enhancement methods,
enabling multifold sensitivity enhancement. As an example, single-molecule detection was demonstrated with the
plasmonic-enhanced interface mode.
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Abstract: We demonstrate the generation of dark pulse microcombs with 25 GHz comb spacing and near 200 nm
spectral span in an integrated LiNbO3 microresonator. (C) 2024 The Author(s)

1. Introduction

The realization of optical frequency combs in microresonators (microcombs) [1] has enabled compact spectrometers [2],
miniaturized optical clocks [3], and high-capacity data links [4]. These advances are primarily attributed to the rapid
development of microresonator technology, notably the enhancement of quality factors and the expansion of material
options. Up to date, mode-locked microcombs have been demonstrated in a broad selection of material platforms such
as silica, SisNy4, and MgFs [5].

LiNbOj3 has become a key infrastructure for photonic applications due to its diverse optical nonlinearities. The
most renowned Pockels and Kerr effect has enabled microcombs in LiNbO3 microresonators [6]. Other nonlinearities
such as the photorefractive effect have also facilitated comb formation. However, the crystal structure of LiNbOs5
indicates strong Raman responses within several narrow frequency bands, often hindering the generation of Kerr
microcombs. These challenges become more prevalent for microresonators with smaller free spectral ranges (FSRs),
where optical mode pairs are more prone to resonate with Raman phonons.

2. Microcomb demonstration

Here, we introduce dissipation engineering to mitigate the impact of the Raman effect on comb formation in an integrated
LiNbOj3 microresonator. Notably, we report the first observation of dark pulse microcombs in these resonators, with the
repetition rate down to 25 GHz. Figure 1(a) shows the images of our device, which is fabricated on a 570 nm thick z-cut
LiNbOj-on-insulator wafer. The radius of the resonator is 817 um, corresponding to a free spectral range (FSR) of
24.803 GHz. The top width and the etching depth of the microring are 2.2 ym and 300 nm, respectively. This geometry
gives normal group velocity dispersion at the telecommunication C band, which is confirmed through measurement (Fig.
1(b)). The concept of dissipation engineering is implemented using a pulley coupler. By precisely tuning the phase
matching conditions between the bus waveguide and the microring, a stronger coupling is realized at Raman-active
wavelengths. This wavelength-dependent dissipation modulation effectively elevates the power requirements for Raman
lasing beyond the parametric threshold, which opens up the possibility of microcomb formation.

The microresonator is pumped by an amplified continuous-wave laser, generating microcomb spectra as presented
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Fig. 1. (a) Optical microscope images (left) and scanning-electron-microscopy images (right) of the LiNbO3 resonator. (b)
Mode family dispersion of the microresonator. The fitted dispersion parameters to the simulated results are also provided. (c)
Measured and simulated total dissipation rates of the LiNbO3 microresonator as a function of wavelength.
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beatnotes showing the repetition rates of the microcomb. (d) Representative phase noise spectrum of the pump laser and the
repetition rate of the microcomb.

in Fig. 2. By adjusting the detuning between the pump and resonance, we access distinct microcomb states. These
spectra, spanning nearly 200 nm, exhibit characteristic modulations akin to dark pulse microcombs reported by Xue
et al. [7]. To fit the spectra, we perform numerical simulations using the Lugiato-Lefever equations and inputs from
experimental parameters. The deviation between the simulated intracavity spectra and the experimental results is
attributed to wavelength-dependent coupling. For example, the dips observed in the experimental spectra near 1540
nm align with the weakly coupled regime shown in Fig. 1(c). This fitting allows for the reconstruction of intracavity
waveforms. Flat-top pulses are found to form in the microresonator, whose pulse width varies from 5.2 ps to 2.5 ps
depending on the detuning. The coherence of the microcombs is assessed by measuring their electrical beatnotes,
which shows a monotone radiofrequency peak with over 70 dB signal-to-noise ratio at 10-Hz resolution bandwidth (Fig.
2(c)). The beatnotes can be tuned over a range of 107 kHz by adjusting the pump-resonator detuning. Using a phase
noise analyzer, we measure the phase noise of the beatnotes, which achieve -80 dBc/Hz at a 10 kHz offset frequency.
This represents a notable reduction of approximately 35 dB from the phase noise of the pump laser, providing further
evidence of mode locking in the microcomb.

In conclusion, we have demonstrated the viability of generating dark pulse microcombs in strong Raman active
media such as LiNbO3. The resulting microwave-rate dark pulses can be further augmented by the Pockels effect in
LiNbOg, enabling high-speed electro-optic tunability [8] and spectral translations into the visible wavelengths [6].
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Abstract: Using a MgF5 microresonator as the frequency reference and a SigNy microresonator for comb generation,
we synthesize ultralow-noise 25-GHz microwaves with -141 dBc/Hz phase noise at 10 kHz offset frequency via optical
frequency division. (©) 2024 The Author(s)

Microwaves with low noise and exceptional time stability are essential for various applications, including telecommuni-
cations [1] and metrology [2]. So far, the purest microwaves are synthesized using photonic approaches, particularly
optical frequency division (OFD) technology [3]. The key components of an OFD setup are frequency references and
optical frequency combs. However, the systems are typically very bulky due to the use of ultrastable resonators in
vacuum and table-top optical frequency combs [4, 5], which restrict their application within laboratories. Replacing
these key components with compact photonic devices has become the research focus over the past years. For example,
ultrahigh-Q whispering-gallery-mode optical microresonators [6] could provide high-performance optical references for
laser stabilization. Additionally, miniature optical frequency combs have been developed in nonlinear microresonators
as soliton microcombs [7]. Combining these technologies has the potential to create compact OFD systems for broader
applications beyond laboratories [8, 9]. In this work, we use an MgFs microresonator (Fig. 1(a)) with quality factors
exceeding 3 billion as the frequency reference and a SizgN4 microresonator [10] (Fig. 1(b)) for comb generation to
synthesize K-band microwaves via OFD. The resulting phase noise of a 25-GHz-rate microwave reaches -141 dBc/Hz at
10 kHz offset frequency.

The schematic diagram of our OFD system is shown in Fig. 1(c). Two fiber lasers with wavelengths of 1540 nm
and 1560 nm are stabilized to the same MgF5 disk microresonator via Pound-Drever-Hall (PDH) locking. This scheme,
known as two-point OFD, has the advantage of not requiring an octave-spanning, self-referenced optical frequency comb.
Therefore, the soliton microcomb used here only needs to cover 1540 nm - 1560 nm, which can be readily generated by
pumping the SigN4 microresonator at 1550 nm. The soliton microcomb is amplified and then combined with the reference
lasers in two photodetectors. The frequencies of the two beatnotes are A; = f4 — f, —nf, and Ay = fp — f, — mfr,
with f4 and fp the reference laser frequencies, f, the pump laser frequency, f, the microcomb repetition rate, and
m, n the extracted comb line numbers. The two beatnotes are down-mixed to A = fg — fa — (m — n) f,, which is
stabilized to a local oscillator (f1o) by feedback to the pump laser of the soliton microcomb via a phase-locked loop.
As a result, the microcomb repetition rate is stabilized to f. = (fg — fa — fro)/(m —n), whose noise is expected to be
reduced from the frequency difference between optical references by a factor of (m — n)?. In the experiment, the soliton
microcomb has a repetition rate of 25 GHz, providing a division ratio of 100 as well as 40 dB noise suppression (Fig.
1(d)). To achieve a large locking bandwidth, all lasers used in the experiment are implemented with an acousto-optic
frequency shifter.

We first characterize the relative phase noise of the reference lasers using a multi-frequency delayed self-heterodyne
interferometer [11]. In this setup, both reference lasers are guided into an unbalanced Mach-Zehnder interferometer
with a 1 km delay fiber coil installed in one arm and an acousto-optic frequency shifter in the other. At the output,
the laser pair and their frequency-shifted counterparts are separated by a fiber Bragg grating and detected by two
photodetectors, yielding two beatnotes containing the phase fluctuation of the respective reference lasers. The phases
of the beatnotes are extracted simultaneously using two methods: Hilbert transform of oscilloscope traces and 1Q
demodulation with a datalogger. Such a combination allows for noise measurement bandwidth from 10 Hz to 1 MHz.
The relative phase noise shown in Fig. 1(e) is already very low due to the excellent thermal stability of MgFs, and the
expected phase noise of the divided signals are projected to be 40 dB lower. We then detect the repetition frequency of
the soliton microcomb using a fast photodetector and measure its phase noise using a phase noise analyzer. In sharp
contrast to its free-running condition, the soliton microcomb locked to the references exhibits a repetition frequency
strictly following the noise performance of the divided reference lasers at offset frequencies up to 10 kHz. Remarkably, a
phase noise level of -141 dBc/Hz at 10 kHz offset frequency is achieved, corresponding to timing noise of 547 zs Hz~1/2,
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which is competitive in recent OFD involving microcombs [8, 9, 12, 13].

In conclusion, we demonstrated an OFD system utilizing microresonators as key optical components. Such
compact, ultralow-noise microwave oscillators have the potential to advance high-speed wireless communications,
high-resolution radars, and space-based radio astronomy.
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Fig. 1. Summary of microresonator-based optical frequency division. (a) Photograph of the MgF, reference
microresonator. (b) Photograph of the SizN4 nonlinear microresonator. (¢) Schematic diagram for microresonator-based OFD.
(d) Optical spectra of the soliton microcomb and reference lasers. (e) Phase noise of the repetition rate of free-running soliton
microcomb (blue), locked soliton microcomb (red), relative phase noise between reference lasers (gray), and the phase noise of
the divided signal projected from the reference lasers (orange). The dashed black line indicates the timing jitter level of 1 as
Hz~ /2. The gray shaded area represents the noise floor of the phase noise analyzer during the measurement.
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Abstract: By correlating frequency and orbital angular momentum (OAM) dimensions with the integrated vortex
soliton microcomb, we performed a proof-of-concept experiment demonstrating a one-shot diagnosis of high-dimensional
OAM states using conventional spectroscopy. (C) 2024 The Author(s)

1. Introduction

Combining optical frequency comb (OFC) [1] generation and OAM beam emission functions [2—4] into a standalone
microresonator, we generate a multi-frequency beam that carries multiple OAM states, with a one-to-one correspondence
between the OAM and the frequencies. This new type of beam, coined the "vortex soliton microcomb,” introduces
powerful measurement tools in the frequency domain to the OAM dimension. The one-to-one correspondence between
the OAM and frequencies exhibits a high extinction ratio of over 18.5 dB, enabling precision spectroscopy of optical
vortices using conventional spectroscopy techniques. We conducted a proof-of-concept experiment to measure the OAM
response using an optical spectrum analyzer (OSA).

2. Vortex spectroscopy
The profile of the vortex soliton microcomb at its cross-section can be expressed as

A(r,0,t) Z arFy(r) exp(il0 — ilw,t — iwot), (1)

where a; and Fj(r) are the complex amplitude and the normalized radial distribution of the photon carrying (A OAM,
respectively. The frequency of the comb line with [ = 0 is denoted by wqy. This formula manifests the bijective connection
between the frequency and the OAM. After modulated by an object, whose phase pattern could be expressed as the
summation of different topological charges given by >, by exp(ilf), the output vortex soliton microcomb becomes:

(r,0,t) Z Zalbl/Fl r)exp [i(l +1)0 — iwt] . (2)

After being Fourier transformed, the exterior part of the beam is blocked by an aperture, such that components with
I # 0 are prohibited from transmitting. Therefore, the transmitted optical spectrum should only contain components
with [ = 0. The power readings of comb lines on a spectrometer are indeed indicators of the weight of pattern topological
charges.

3. Experiment results

The scanning electron microscopy (SEM) images of our device are shown in Fig. la. With an appropriate grating
design, the Q factor is maintained at 1.79 million (Fig. 1b). The OAM spectrum of a soliton state is shown in Fig.
le, where each pattern corresponds to an individual comb line. A spatial light modulator (SLM) is used to emulate
the target such as the turbulent air vortices in a free-space communication channel [5], and the OAM beams arethen
utilized to detect these SLM patterns. The results for two different phase patterns are shown in Fig. 1b, and the
measurement results are in good agreement with the preset values. All weight information is collected in a single-shot
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diagnosis using an OSA. Although this demonstration provides only singularity weights, phase information can also
be recovered through coherent detection of the vortex soliton microcomb by heterodyning with a local OFC. In this
process, the optical signals are converted into an array of electrical beatnotes [6-9].
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Fig. 1. (a), Scanning-electron-microscopy images of Si3N4 microresonator vortex emitter. (b), Transmission spectra
and Q factor of a mode. (c), Optical spectra of a single-soliton microcomb. (d), Weight of topological charges on designated
patterns. The preset and measured results are indicated in blue and red respectively, and their difference is plotted as residual
errors in the panels below.
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Abstract: Numerically simulating the lasing of a fully chaotic billiard laser with selective pumping along an unstable
periodic orbit, we show self-organized formation of a “nonlinear scar mode” whose intensity localizes along the unstable
periodic orbit.

1. Introduction

For a partially chaotic billiard laser, it has been demonstrated that lasing modes localized along a stable periodic orbit
can be selectively excited by forming a pumped region along the orbit [1]. This is possible because the passive cavity
(i.e., the cavity without gain) have underlying resonant modes whose intensities are distinctly localized along the stable
periodic orbit [2]. Meanwhile, a fully chaotic billiard has no stable periodic orbit, and all of its periodic orbits are
unstable. For such a billiard, strong localization of a resonant mode along an unstable periodic orbit has never been
reported in previous studies, although weak localization of a resonant mode along an unstable periodic orbit is rarely
observed. Such a mode is named a scar mode [3]. Here, we numerically demonstrate that strong localization along
an unstable periodic orbit can be observed for a lasing mode of a fully chaotic billiard laser with a partial pumping
region formed along the unstable periodic orbit. By a systematic study of relevant resonant modes, we concluded that
the localized lasing mode is formed by the nonlinear interaction of multiple resonant modes, either of which does not
necessarily exhibit obvious signs of localization along the unstable periodic orbit. Therefore, the scarring is generated in
a self-organized manner as a result of nonlinear interaction of multiple resonant modes. We call this type of a localized
lasing mode a nonlinear scar mode.

2. Model and Results

We numerically simulate the lasing of the stadium billiard laser by using the Schrédinger-Bloch (SB) model [4]. The
stadium billiard is a well-known example of a fully chaotic billiard [5], and the SB model describes the nonlinear
interaction between the light field and a gain medium. We focus our attention on the three types of unstable periodic
orbit, the diamond orbit (period-four), the v-shaped orbit (period-four), and the horizontal orbit (period-two), and
examined the partial pumping along these unstable periodic orbits. In all cases, we observed the formation of a nonlinear
scar mode. We confirmed that the superposition of multiple resonant modes can well reproduce the spatial pattern of
the nonlinear scar modes. This result indicates that the nonlinear scar mode can be understood as a frequency-locking
state of multiple resonant modes [4].

3. Summary

A fully chaotic billiard generally does not have resonant modes whose intensities strongly localize along periodic orbits.
However, here we numerically demonstrate that such a billiard is with a gain medium and partially pumped along a
periodic orbit, the lasing mode exhibits strong localization along the periodic orbit, which we called a nonlinear scar
mode. This lasing mode is explained by the frequency-locking of multiple resonant modes, either of which does not
necessarily show obvious signs of localization along the periodic orbit. We can interpret this result as a self-organization
for utilizing the gain maximally.
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Yupei Liang"#, Hao Zhang"#, Shi-Da Wen?, Yan-Wu Liu?, Yanhong Guo', Teng Tan'*, Yunjiang
Rao', Yun-Feng Xiao?, Qi-Fan Yang**, Baicheng Yao'*

Mode locking is a significant process in which resonant modes establish stable synchronization through non-linear
interactions [1]. This self-organization enables photonic and electronic sources to deliver coherent pulsed waveforms
and underlies scientific applications. In recent years, the realization of soliton mode locking in high-Q microresonators
remarkably reduces the device size, opening the technology of microcombs [2]. Recently, dissipative optomechanical
solitons have been found in microcavities [3]. Here, we report the deterministic excitation of mode-locked optomechanical
microcombs in a graphene-covered silica microresonator. The circulating optical field triggers mechanical oscillations,
which in turn modulate the light wave. Once the periodic modulation is strong enough, graphene nonlinear absorption-
based modulation enables a localized coherent mechanical wavepacket, leading to deterministic mode-locking with a 7.6
MHz repetition rate, demonstrating a sech? spectral envelope and phase noise down to -108 dBc/Hz at a 1 Hz offset,
suggesting ultrahigh-precision photonic time-frequency standards for applications such as sensing. This work bridges
optomechanics and two-dimensional material optoelectronics, initiating a new physical paradigm with high convenience,
reliability, and controllability.

Figure 1a shows the conceptual design of our graphene-assisted silica microresonator for generating optomechanical
mode-locked frequency combs. A silica microsphere with a diameter of approximately 610 ym supports both optical
and mechanical modes. The graphene nanolayer is positioned 10°C above the equator plane (Fig. 1b). The mechanical
mode situated at 7.6 MHz has a quality factor of 7480, which agrees well with the simulated result (Figs. 1c and
1d). The measured optical Q factor of this device is approaching 10%. Considering Pauli blocking in graphene, with
continuous tuning of the pump laser into resonance, sharp phase-locked pulses are excited from a flat background.
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Fig. 1. Conceptual design and mechanism of the optomechanical mode in a graphene-assisted silica
microresonator. a, Schematic diagram. By detuning a pump laser into an optical mode, the increasing intracavity optical
power excites optomechanical oscillations via ‘photon-phonon’ interactions. The optomechanical oscillations are then localized
and locked by the graphene due to the blocking of ‘photon-electron’ interactions. b, Device pictures. The diameter of the silica
microsphere is 610 pm, and the graphene size is 60x40um?. c, Passive transmission of the graphene-assisted microresonator.
The group FSR is &~ 91.6 GHz and contains 126 mode resonances. By zooming in on the transmission, we measure that a typical
Q factor of the optical modes is approaching 108. d, Measured mechanical resonance, showing a mechanical Q = 7480. The dark
blue curve represents Lorentz fitting.

Fig. 2a demonstrates the experimental setup. We use a tunable continuous-wave laser diode as the pump and
fix its output power at 200 mW, while another tunable laser is used to beat the signal down to radio frequency. The
frequency difference between these two lasers is set to be 2 GHz, and it remains fixed during the scanning process,
using an electronic synchronizer. Fig. 2b shows the measured evolution trace of the microcavity’s output during laser
scanning. With a scanning speed of 2.5 GHz/s, starting from 1550.321 nm, the range covered in this process is 5 GHz,
including the entire resonance, considering thermal effects. During the pump scanning, the optomechanical oscillation
traverses four states in sequence: sinusoidal, chaotic, cnoidal, and mode locking (Fig. 2c and 2d). When the intracavity
power is high enough, the system enters a regime in which only coherent pulses remain (state iv). The device outputs a
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quasi-sech? shaped spectrum in the frequency domain, with a stable 7.6 MHz repetition rate and a 3 dB-bandwidth of
approximately 0.18 GHz. In Fig. 2e, we zoom in on a single pulse of state iv in Fig. 2¢, showing the pulse duration and
internal structure of the measured pulse. In Fig. 2f, the single-sideband phase noise (SSB-PN) of the mode-locked
state reaches —39 dBc/Hz at 1 Hz offset, and approaches —108 dBc¢/Hz at 1 kHz offset. The phase noise curve of the
optomechanical comb fits the f~2-3 trend, suggesting that its noise is primarily determined by white noise.
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Fig. 2. Optomechanical evolution and time-frequency measurements. a, Experimental setup. PC: polarization
controller, PD: photodetector, OSC: oscilloscope, ESA: electrical spectral analyzer. b, Evolution of the optomechanical oscillation
in a resonance located at 1550.321 nm. The speed of the pump frequency scanning is 2.5 GHz/s. The optomechanical wave
evolves through periodic, chaotic, cnoidal, and single mode locking states (i-v). ¢ & d, Temporal and spectral measurements in
state i to state iv. The resonant mechanical waves exhibit comb-like spectra, corresponding to stable pulses with a repetition
rate of 7.6 MHz and a pulse period of 131.58 ns. e, Measured single pulse of the mode-locked state, showing the pump-reference
beating oscillation within. Pulse duration: 1.8 ns. f, Measured phase noise of the mode-locked repetition frequency, showing
free-running operation (blue curve) and feedback-stabilized operation (red curve).

In summary, we report the formation of optomechanical solitons in a graphene-assisted microresonator. The stable
mechanical mode-locking pulses are generated by the mutually coupling process of three waves, namely cavity-confined
photons, mechanical-related phonons, and graphene-carried electrons. The optomechanical backaction and saturable
optoelectrical energy conversion work in synergy, forming a mode-locking resonant standing wave. The optomechanical
mode-locking comb contains 7.6 MHz and harmonics, demonstrating a uniform sech? shape spectrally, and delivers
stable nanosecond pulses temporally, with phase noise down to -110 dBc/Hz @ 1 Hz. The capability to localize
phonons through the graphene-based optoelectronic locking in a micro-nano geometry opens up a new avenue for
microcavity-based optomechanical applications, such as acoustic comb formation, radio-frequency clocks, gyroscopes,
and high-precision sensing[4].
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Abstract: We propose and generate cluster quantum microcombs within an on-chip optical microresonator driven by chromatic
lasers. Through resonantly enhanced four-wave mixing processes, we deterministically establish quantum correlations among the
continuous quantum variables of 60 modes. (C) 2024 The Author(s)

Entanglement is indispensable for quantum technologies spanning sensing and computation. If entanglement is established
among many elements, they form a cluster state that unlocks novel paradigms such as one-way quantum computing [1] and
unconditional quantum teleportation [2]. Recent advances in squeezed light have enabled deterministic preparation of cluster
states through time [3], frequency [4, 5], and spatial multiplexing [6].

The recent development of high-Q optical microresonators provides a compact and scalable resolution for generating
squeezed light [8-10]. In contrast with table-top optical parametric oscillators, the large free spectral range (FSR) of the
microresonator allows for resolving individual qumodes. Bi-partite squeezing has been demonstrated in a monochromatically
pumped microresonator via Kerr nonlinearity, in which the qumodes are equidistantly spaced to form a comb-like structure
termed as squeezed quantum microcomb [10]. However, realization of CV cluster states involving numerous frequency qumodes
remains a challenge for microresonators, primarily due to parasitic losses during collection and detection of squeezed light.

In this work, we entangle over 60 qumodes in a microresonator and obtain continuous variables cluster quantum microcomb.
The cluster structures can be reconfigured into one- and two-dimensional lattices by adjusting the pump lasers. The experimental
configuration is shown in Fig. 1(a). A silica microresonator with an intrinsic quality factor over 300 M and an FSR of 25 GHz is
pumped by bi-chromatic lasers, which are tuned resonant with two optical modes. Entanglement is established between qumodes
via degenerate and non-degenerate four-wave mixing (FWM), and to equalize the nonlinear coupling we intentionally set the
power of one pump (at mode -1) to 1/4 of the other (at mode 0). The entanglement between qumode pairs is interrogated via
homodyne detection using an electro-optic comb derived from the same pump laser that drives the microresonator. With a total
detection efficiency of 67%, we have directly measured 3.1 dB bi-partite squeezing for monochromatic pumping (not shown), a
record-high value demonstrated in on-chip devices.

Two-mode squeezing is characterized by evaluating the noise variance of &, + Z, (Fig. 1(b)). As expected, squeezing
is observed for the qumodes (17, -17) and (16, -17), directly resulting from the squeezing operations. The quadrature noise
variance for the qumodes (18, -17) and (15, -17), although above the shot noise limit, also varies periodically with the applied
phase modulation. This quantum correlation arises from Bragg scattering. While Bragg scattering does not directly induce
squeezing, it synergizes with two-mode squeezing operations between the qumodes (k, —k) and (k, —k — 1) to induce effective
squeezing between otherwise uncorrelated (k, —k + 1) and (k, —k — 2) pairs.

We also measure the quadrature noise variances for three qumodes and observe quantum interference with respect to their
phase relations (Fig. 1(c)). When their phases are aligned, the quadrature yields Z_17 + W Significant raw squeezing
is achieved for appropriate phase relations between these qumodes, which vanishes if their phases are altered. Notably, the
maximum three-mode raw squeezing (1.29 £ 0.10 dB) surpasses that of any related two-mode squeezing (< 1 dB), indicating
tri-mode entanglement.

Figure 1(d) shows two-mode squeezing measurements for selected pairs of qumodes. Consistent with our theoretical
predictions, squeezing is observed exclusively for qumode pairs with indices summing to 0 and -1. Each qumode is entangled
with two others, forming a one-dimensional lattice. The fully-connected cluster quantum microcomb extends from qumode +6 to
435, encompassing 60 qumodes. The raw squeezing for selected qumode pairs is summarized in Fig. 1(e), typically ranging from
0.5 dB to 0.9 dB, showing a relatively even distribution over the spectrum. The maximum raw squeezing observed is 1 dB.

In conclusion, we have demonstrated cluster quantum microcombs with up to 60 qumodes using a single microresonator,
which can be further engineered via more complex pumping strategies. Leveraging frequency qumodes offers significant
simplification in the experimental setup and theoretically allows for infinite elements. Our protocol can potentially provide

large-scale cluster states for exploring quantum many-body physics and accomplishing advanced quantum tasks.
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Fig. 1. Cluster quantum microcombs generated by bichromatic pump lasers. (a) Pumping scheme and FWM processes.
The power ratio of the pump lasers launched at modes 0 and -1 is 1:0.2. (b) Electrical spectra showing 2-mode quadrature noise variance
(blue) relative to shot noise (gray) for representative qumode pairs. (c) Upper panel: Electrical spectra showing 3-mode quadrature noise
variance (blue) relative to shot noise (gray). Lower panel: Minimal quadrature noise variance normalized to shot noise when varying the
phases of a mode in the LO. (d) Maximal two-mode raw squeezing. Measurements in the gray shades are not taken. The right panel shows
the graph structure. (e) Maximal two-mode raw squeezing for qumode pairs (k, -k) and (k, -k-1).
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Efficient second and third harmonic generation in dual-layer
lithium niobate resonator
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Jingjun Xu

Abstract: Lithium niobate thin film frequency doubler has extensive applications in the preparation of classical and
quantum sources. In this study, we successfully fabricated microdisk resonators with a quality factor of 2.2x10° in
reverse-polarization dual-layer x-cut lithium niobate for the first time. Based on the modal phase matching condition,
efficient second harmonic generation with a record normalized conversion efficiency of ~ 56000% W~! and cascaded
third harmonic generation with an efficiency of ~ 6500% W~2 were obtained in the microdisk resonator. Compared
with the periodically poled lithium niobate microcavity, the complex domain structure preparation processes are
avoided. Our work provides a scheme for achieving highly efficient second-order nonlinear effects in non-periodically
poled microcavities.

Design and fabrication

By applying the dispersion engineering and finite element analysis, we could obtain two modes marked as TEqg rr

and TEg; gy that fulfill the MPM condition. The effective mode refractive indexes of the two modes and the effective

nonlinear coefficient along with 0, are given in Figure 1(a) and (b). Figure 1(c) and (d) are the mode field distribution

of TEgo rr and TEq; su, respectively. The inset in Figure 1(d) is the sketch of the dual-layer lithium niobate microdisk.
Due to the lack of symmetry in the z direction of mode TEg; su, the spatial overlap between TEg rr and

1.95k (c)
1.85 e
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m[cl_,| {pm/V)

Fig. 1. Design and characterizations of the microdisk on reverse-polarization dual-layer x-cut LNTF. (a) Effective mode
refractive indexes of TEo,rr and TEo1,su along with 6. (b) Effective nonlinear coefficient varies with 6 for the first layer and
the second layer. (c), (d) Mode field distribution of the TEqo,rr and TEo1,su, and the inset represents the schematic diagram of
the dual-layer microdisk. (e) The SEM image of the microdisk resonator. (f) Detailed SEM image of the edge of the microdisk.

TEo1,su could be very low. By introducing reverse-polarization dual-layer thin film lithium niobate structure, the
nonlinear coupling strength between TEq; gy and TEg rr can be dramatically improved. The theoretical conversion
efficiency of the dual-layer LNTF is 230000% W !, which is three orders of magnitude higher than 126% W~! of
the single-layer LNTF. The nonlinear coupling strength g between TEq rr and TEgq sg in dual-layer LNTF can be
maximized by finely scanning the geometric structure parameters of the microdisk.
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Desynchronisation dynamics of ultrashort dissipative Raman
solitons
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Abstract: In this work, we numerically show that ultrashort dissipative Raman solitons can exist under conditions of
continuous-wave driving, and we use this fact to elucidate the solitons’ desynchronisation dynamics in pulse-driven
systems.

1. Introduction

Over the past decade, a wide variety of temporally localised structures have been observed and studied in coherently
driven passive Kerr resonators. Arguably the most famous of these is the bright temporal cavity soliton (CS) [1], but
some other examples include dark solitons [2], parametrically driven cavity solitons [3,4] and Stokes solitons [5]. The
significant interest in these nonlinear structures is motivated not only by their fascinating nonlinear dynamics but
also their potential for practical applications. In particular, the frequency domain representation of these structures
corresponds to broadband Kerr (microresonator) frequency combs that have found applications in fields ranging from
communications to atomic clocks [1].

One notable recently discovered nonlinear structure is the ultrashort dissipative Raman soliton [6,7]. Such
Raman solitons arise due to an interplay between dispersion, Kerr nonlinearity and stimulated Raman scattering,
resulting in a surprisingly broad soliton spectral bandwidth when compared to conventional CSs under comparable
cavity parameters, with Raman solitons as short as 50 fs experimentally realised in a metre-long cavity composed
of commercially available optical fibre. Raman solitons also exhibit several other advantageous features, including
spontaneous turn-key formation that greatly reduces the complexity of generation, and the ability to operate with zero
or low linear detuning that considerably improves driving efficiency.

In Ref. [7], it was experimentally demonstrated that the driving pulse desynchronisation — given by the mismatch
between the driving pulse repetition rate and the cavity roundtrip time — is a key parameter that determines the
existence and characteristics of the Raman solitons. While the role of desynchronisation can be qualitatively described
by considering the phase-matching and group-velocity-matching conditions that underpin the solitons’ existence, this
analysis does not provide a prediction for the range of desynchronisation over which the solitons exist, nor does it
reveal the mechanism through which desynchronisation influences the soliton properties.

In this work, we demonstrate through extensive numerical simulations that pulse-driving is not a critical
requirement for the existence of Raman solitons, but that they can also exist in continuous-wave (CW) driven cavities.
Furthermore, by examining the properties and existence of CW-driven Raman solitons, we reveal the mechanism
through which desynchronisation influences the soliton characteristics in pulse-driven systems. In addition to elucidating
the solitons’ desynchronisation dynamics, our analysis yields an explanation for the range of desynchronisation over
which the solitons exist [§].

2. Results

We begin by numerically demonstrating that Raman solitons can exist even under conditions of CW driving. The
solid orange curves in Fig. 1(a) and (b) show the temporal and spectral profile of a stable Raman soliton driven by a
CW beam. Interestingly, this CW-driven soliton possesses near identical temporal and spectral characteristics to a
Raman soliton driven by pulse train [solid blue curves] for one particular value of the desynchronization. The similarity
between the two solitons, despite drastic differences in their driving conditions, highlights an important feature of
Raman solitons: while the formation of the Raman soliton is facilitated by time-delayed stimulated Raman scattering,
the characteristics of the individual solitons are underpinned by the instantaneous background power experienced by
the soliton. To further illustrate this point, Fig. 1(c) compares the evolution of the peak power and spectral bandwidth
of CW- and pulse-driven Raman solitons as a function of background power. Two conclusions can be drawn from these
results: (1) consistent with our expectation, the characteristics of the solitons under the two driving conditions are
nearly identical for all background powers; (2) each background power value provides the soliton with a unique set of
characteristics.

The second conclusion is particularly important: there exists a one-to-one mapping between the background
power and soliton drift velocity. As demonstrated in Fig. 1(d), the drift velocity of the CW-driven soliton (in the natural
reference frame of the cavity) monotonically decreases with increasing background power. Leveraging the observations
above, one can construct an explanation for the role of desynchronisation in pulse-driven systems. Specifically, each
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temporal position along the background envelope is associated with a set of soliton characteristics. For the soliton
to remain stationary atop the background envelope (a necessary condition for achieving steady-state), the soliton
is attracted toward the temporal position associated with a critical background power that provides a drift velocity
that exactly cancels the desynchronisation. A change in desynchronisation demands a new steady-state drift velocity
(and, thus, critical power), leading to a shift in the temporal position of the soliton and giving it a new set of pulse
characteristics.

The hypothesis above is corroborated by results illustrated in Fig. 1(e). Here, we performed multiple simulations,
each starting with an initial condition that is a steady-state Raman soliton (shown in the upper panel) displaced
temporally by various amounts from its stationary position. Then, the evolutions of the soliton position are recorded
and depicted in the lower panel as the solid curves. To assist visualisation, the corresponding steady-state background
envelope is also depicted as the dashed blue curve. As we can see, the solitons are attracted toward the original
steady-state position (i.e., temporal position with the critical power) as expected.

The drift velocity curve [Fig. 1(d)] can be used for the prediction of soliton steady-state position. Specifically,
we found the predicted critical power for the given desynchronisation, and the temporal position that is associated with
it is marked by the yellow diamond. This point is found to be close to the actual steady-state position of the soliton.
This observation can be extended to predict the Raman soliton existence range as a function of desynchronisation,
with the minimum desynchronisation given by minimum background power that can sustain Raman soliton, while the
maximum desynchronisation is given by the peak power of the background envelope.
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Fig. 1. Comparison of simulated (a) temporal and (b) spectral profiles of Raman solitons driven by CW-beam (solid
orange) and train of pulses (solid blue). (c) Solid blue and dashed green curves show Raman soliton peak power (left axis)
and bandwidth (right axis) as a function of background power. The solid curves and markers denote results from CW- and
pulse-driven simulations, respectively. (d) Raman soliton temporal drift velocity as a function of background power. (e) Simulated
responses of the Raman soliton shown in the upper panel when temporally displayed by various amounts. Solid lines in the lower
panel indicate the evolution of the soliton’s temporal position. The dashed curve shows the steady-state background envelope
prior to the significant growth of the Raman signal. The yellow diamond indicates the predicted trapping position.

3. Summary

In conclusion, we have demonstrated that Raman solitons can exist within CW-driven cavities. By examining
the existence and properties of the CW-driven Raman soliton, we have revealed the mechanism through which
desynchronisation influences the Raman soliton characteristics. This has also enabled us to qualitatively predict the
soliton steady-state position and thus the soliton existence range as a function of desynchronisation [8].
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and Ph.D from at Princeton University in 2010, both in Electrical Engineering. After one year postdoctoral training at
Yale University, he joint UM-JI as Assistant Professor and jointly appointed by Department of Physics , SJTU. Dr.
Wan'’s publications include Science, Nature Physics, Nature Photonics and Physical Review Letters. He is the recipient
of the 2009 Chinese Government Award for Outstanding Self-Financed Students Abroad. In 2011, he is awarded “1000

people’s plan (youth)” by Chinese Government.
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A

Prof. Yanne Chembo
Professor at the Department of Electrical and Computer Engineering

University of Maryland, Maryland, USA

Biography: Yanne K. Chembo received a Ph.D. in nonlinear dynamics from the University of Yaounde I,
Cameroon (2001-2005), and a Ph.D. degree in photonics from the University of the Balearic Islands, Palma de Mallorca,
Spain (2002-2006). He has been a postdoctoral fellow at CNRS in France (2007-2009), and at the NASA /Caltech Jet
Propulsion Lab in California (2009-2010). He was a Research Director for the CNRS in France before joining the
University of Maryland in 2019, where is currently Professor in the Department of Electrical and Computer Engineering,

and Director of the Institute for Research in Electronics and Applied Physics (IREAP). He is a Fellow of SPIE, OPTICA
and APS.
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Prof. Youling Chen

Professor in Key Laboratory of Optoelectronic Materials and Devices

Institute of Semiconductors, Chinese Academy of Sciences, Beijing, China

Biography: Youling Chen is a professor in Key Laboratory of Optoelectronic Materials and Devices, Institute
of Semiconductors, Chinese Academy of Sciences. Youling received her Bachelor’s degree and Master’s degree from
University of Science and Technology of China (USTC), and the Doctor’s degree from Peking University. Her research
interests include electrically pumped semiconductor microresonators, silicon microresonators with ultra-high-quality
factors, and their applications for lasing, ultrasensitive sensing and nonlinear optics.
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Asst. Prof. Zaijun Chen

Research Assistant Professor and PI at The Laboratory of Intelligent and Quantum Photonics
Ming Hsieh Department of Electrical and Computer Engineering, University of Southern California, California, USA

Biography: Zaijun Chen received his Ph.D. in Physics with the highest distinction from the Max-Planck Institute
of Quantum Optics and the Ludwig Maximilian University of Munich in 2019, for his work on frequency-comb based
precision metrology and optical sensing. Before joining USC, he was a postdoctoral fellow in the Quantum Photonics
Group at MIT, where he developed photonic Al accelerators and neuromorphic devices using integrated photonics and
co-packaged optics.

He is a recipient of the 2023 Optica Foundation Challenge Award, the 2023 SPIE Artificial Intelligence and Machine
Learning Award, the OECC/PSC 2022 Best Paper Award, the 2022 Sony Faculty Award, and the 2018 Rao Prize
for the best student talk at the international symposium of molecular spectroscopy. He serves on the Early Career
Editorial Board for Advanced Photonics. He is a principle investigator for the DARPA NaPSAC program in developing
the next-generation Al processors and co-PI for DARPA INSPIRED program for on-chip quantum sensing.



I Useful Information

All the conference talks will take place at "Hutton Theatre" located on the ground floor in Tuhura Otago Museum.
Full address of the venue is:

Otago Museum Venues, Tuhura Otago Museum, 416 Great King Street North, Dunedin North, Dunedin 9016.
Coordinates for the venue are -45.86581112994699, 170.51122695346243.

Google maps hyperlink: https://maps.app.goo.gl/5jfTzczeU3yFDqYa8
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Hutton Theatre entrance

Catering, i.e., tea and lunch breaks & Poster Sessions will also take place at Hutton Theatre.
Wi-Fi will be available during the conference.

Conference dinner will take place at "Larnach Castle” with buses departing at 18:00 from Tuhura Otago
Museum bus stops on Albany Street.
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