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Additional important capability enabled by the devel-
oped tool is the possibility to determine directly coherent
interaction length of a quasi-BIC state and compare it
with the collective effects in the antenna array. For that,
CL spectra are analyzed as a function of the distance to
the edge of the array. At the resonant frequency of the
quasi-BIC state, the CL emission decreases with a shift of
the electron beam from the centre of the structure toward
its edge until any sign of quasi-BIC disappears at the outer
antenna of the array. Such an effect was not observed for
Mie resonances supported by the same structure.
The proposed technique provides an efficient tool for

the rapidly developing concepts of high-Q optical devices.
We believe that further advances in fundamental research
in optical metasurfaces and technological innovations in
flat optics will uncover their tremendous potential making
a rapid impact on science, technology, and society. In
addition, there are many other areas in physics and pho-
tonics which will benefit from high-Q metasurfaces sup-
porting BIC resonances and undergo rapid development.
Widely regarded as practically unachievable, true BICs
can be revealed now. And no matter how dramatic it

sounds, only the time will show what else can be found in
the dark.
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Fig. 1 Schematic for exciting and probing bound-states-in-the-continuum (BIC) modes. a Experimental STEM setup is used to focus a high-
energy electron beam to probe a dielectric metasurface. Complementary measurements of the energy lost by electrons, and energy of emitted
photons result in EELS and CL spectra respectively. b Transformation of BIC into quasi-BIC
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“Designing synthetic topological matter with
atoms and lights”
Entong Zhao1, Chengdong He1 and Gyu-Boong Jo 1,2✉

Abstract
One of the most interesting directions in quantum simulations with ultracold atoms is the expansion of our capability
to investigate exotic topological matter. Using sophisticated atom-light couplings in an atomic system, scientists have
demonstrated several iconic lattice models that exhibit non-trivial band topology in a controlled manner.

We have witnessed an ever-increasing demand for new
quantum matter that will potentially revolutionize mod-
ern technologies. However, our understanding of such
cutting-edge quantum matter is often impeded by the
complexities related to the interactions, non-trivial
topology, or dissipation in the system. This challenge
has motivated the engineering of synthetic quantum sys-
tems through which a key theoretical idea can be coher-
ently simulated and tested in an ideal manner. Among
many candidates, ultracold atoms have been identified as
synthetic quantum materials whose system properties can
be freely tuned on demand. This feature offers a great
opportunity to discover new phases of quantum matter,
expand our understanding of their underlying physics,
and improve the unique properties of quantum materials.
Recently, there has been a growing number of studies

engineering synthetic crystalline structure containing a
collection of cold atoms, which experience periodic
potential induced by laser lights. In this synthetic crystal,
so-called optical lattices1, researchers have put a lot of
efforts into implementing non-trivial band topology for
atoms in optical lattices, which allows to simulate topo-
logical matter. This type of matter usually possesses
excitations with exotic properties—such as carrying frac-
tional charges and obeying non-Abelian statistics- and has

topologically protected boundary states. These properties
may transform topological matter into a new platform for
developing low-energy-dissipation electronic devices and
fault-tolerant quantum computation.
One of the simplest ways to make the crystalline

structure topological is to introduce magnetic fields—
more generally gauge fields—on the periodic crystalline
structure. Then, charged particles in solids are governed
by two length scales, the lattices constant of the periodic
potential and the magnetic length set by the cyclotron
motion of charged particle in the magnetic field. In such a
situation, band structure often exhibits a Bloch wave-
function with non-trivial topology. For the simple two-
dimensional square lattice, this model, also known as the
Harper-Hofstadter model, represents the simplest quan-
tum Hall effect in lattices. Although the model was pro-
posed more than 60 years ago, it was only recently that
researchers simulated the Harper–Hofstadter lattice
Hamiltonian2,3. It is because neutral atoms are typically
charge-neutral, and therefore the synthetic gauge fields—
for example, magnetic fields—need to be externally cre-
ated for atoms. Researchers engineer the phase factor
associated with the tunnelling process by use of laser-
assisted tunnelling, and create a uniform magnetic field2,3

as illustrated in Fig. 1. Alternatively, non-trivial band
topology can also emerge when locally staggered magnetic
fields are present in a so-called Chern insulator (see
Fig. 1). Haldane model, one of such iconic models, was
realized by engineering the nearest and next-nearest
tunnellings in a graphene-type optical lattice4.
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Another type of important mechanism that exhibits non-
trivial band topology is spin–orbit coupling, a form of
gauge potential that entangles the spin and momentum of a
particle. In contrast to the model Hamiltonian that
describes the motion of charged particles, the spin–orbit
coupling has been extensively studied in various topologi-
cal matter including, but not limited to, topological insu-
lators and anomalous Hall states. Although cold atoms do
not have intrinsic spin–orbit coupling, an atomic spin—
referring to the hyperfine level—can be effectively entan-
gled with its momentum through the coupling between
atomic spin states and external fields.
Researchers first demonstrated laser-induced spin–orbit

coupling in bulk atomic systems by Raman coupling two
spin states in a momentum-sensitive way5. This progress
has enabled a number of groups to implement spin–orbit
coupling in engineered optical lattices where Raman tran-
sitions are added6. In those lattices, the spin degree of
freedom exhibits non-trivial structure of the Bloch band,
showing spin texture in the momentum space. Several
iconic topological models have been observed including the
symmetry-protected topological phase7 and the quantum
anomalous models8. A combination of tailored spin–orbit
coupling and lattice potentials is of significant benefit in
designing distinct topological band structure in high
dimensions. For example, nodal-line semimetal9 and Weyl
point10 have been demonstrated in 3D, which added a new
recipe to quantum simulations with cold atoms.
Alternatively, artificial gauge fields or spin–orbit cou-

pling can be implemented in a synthetic dimension
together with optical lattices11,12. The concept of syn-
thetic dimensions has recently emerged as a compelling
approach to engineer various Hamiltonians in lattices.
This approach takes advantage of suitable degrees of
freedom in a low-dimensional atomic system to synthe-
size a higher-dimensional lattice Hamiltonian including
synthetic dimensions.
Most of the concepts in topological matter have been

initially proposed and realized in the solid-state systems. In
these systems, most topological materials are accompanied

by weakly interacting systems, where the correlation
effects among electrons can be treated via mean-field type
approximation or density functional theory. However, the
topological matters are not limited in these weakly cor-
related materials. Strongly correlated systems may also
have fruitful topological states, thereby driving the strong
research interest in atomic systems that can tune inter-
actions in a controlled manner. In the future, researchers
examine how a synthetic topological system made of cold
atoms can simulate topological states in the presence of
interactions and/or dissipation. Another promising area of
research will be the observation of distinct topological
band structure in higher dimensions. In such a system, a
high-dimensional spin–orbit coupling corresponds non-
Abelian gauge potential exhibiting non-zero Berry curva-
ture. This exciting prospect is surely worthy of further
attention from the community.
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Fig. 1 Topological lattice models with artificial gauge fields. With a uniform magnetic field generated by a pair of far-detuned laser beams, the
Harper–Hofstadter model for neutral particles can be created in the optical lattice. Alternatively, one can apply locally staggered magnetic fields for
realizing non-trivial band topology. Spin–orbit coupling can be implemented for a spin-1/2 system with the Raman transition resulting in
topological models
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Non-destructive OAM measurement via
light–matter interaction
Gianluca Ruffato 1,2✉

Abstract
The detection of orbital angular momentum usually relies on optical techniques, which modify the original beam to
convert the information carried on its phase into a specific intensity distribution in output. Moreover, the exploitation
of high-intensity beams can result destructive for standard optical elements and setups. A recent publication suggests
a solution to overcome all those limitations, by probing highly-intense vortex pulses with a structured reference beam
in a strong-field photoionization process.

Almost 30 years have passed since the seminal paper of
Allen and co-workers1 ignited a still vivid field of research,
which has paved the way to amazing applications in an
unexpected variety of areas, including life science, soft and
condensed matter, and information and communication
technology. In particular, orbital angular momentum
(OAM) beams have provided a new degree of freedom to
encode information2 or increase the Hilbert space in
quantum communications3, while their uncommon phase
and intensity distributions have enabled advanced tech-
niques in micromanipulation4, imaging5, and light–matter
interaction6. Concurrently, those research and applica-
tions have inspired the development of new optical
components and innovative methods for the controlled
generation, manipulation, and measurement of optical
angular momentum.
In particular, the measurement of OAM can rely on a

rich portfolio of optical elements and architectures with
different levels of complexity, integration, and miniatur-
ization, such as interferometric7 or diffractive8 techniques,
holographic methods9, conformal mappings10,11 multi-
plane light conversion12, and integrated photonics13, to
name the most used. However, all those solutions inevi-
tably modify the input beam to obtain an output intensity

distribution, which is correlated to the input amount of
OAM. In addition, the required physical processing of the
input wavefront prevents the application of those meth-
ods to high-intensity beams, which may damage or even
destroy the optical elements.
A recent experiment coordinated by Professor Y. Liu14

suggests a possible way-out to detect the OAM of an
intense optical vortex, by analyzing the spatial distribution
of the electrons emitted in a strong-field photoionization
process15. In such a way, the information on the input
field is transferred to secondary carriers, i.e., photoelec-
trons, with the sacrifice of a negligible amount of photons
from the original beam. Thus, from the analysis of the
photoelectron momentum distribution or angle-resolved
yields, it is possible to infer the amount of OAM carried
by the probed optical vortex without affecting significantly
its original phase and intensity distribution.
In this work, a two-color co-rotating circular laser field

is synthesized by the combination of circularly polarized
probing pulses at 800 nm with co-polarized 400-nm
optical vortices produced by the cascade of a frequency-
doubling non-linear crystal (β-BBO) with a spiral phase
plate for OAM generation. The synthesized field is made
to interact with a supersonic Argon atom gas jet in a
vacuum chamber, and a time-of-flight spectrometer with
a position-sensitive detector is used for the three-
dimensional reconstruction of photoelectron momen-
tum distribution16 (Fig. 1). In particular, by inserting a slit
in order to spatially sculpture the probing field via
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