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Introduction

The Wilhelm und Else Heraeus-Stiftung is a private foundation that supports
research and education in science with an emphasis on physics. It is recognized as
Germany’s most important private institution funding physics. Some of the
activities of the foundation are carried out in close cooperation with the German
Physical Society (Deutsche Physikalische Gesellschaft). For detailed information see
https://www.we-heraeus-stiftung.de

Aims and scope of the 845. WE-Heraeus-Seminar:

In the last two decades, the ability to prepare and manipulate quantum states at the
individual level has led to a wide range of scientific activities. It is expected that the
laws of quantum mechanics with phenomena such as quantum entanglement and
quantum superposition will revolutionize a wide range of fields, now frequently coined
the so-called *“second generation” quantum technologies.

The area of quantum sensing is considered to be one which most likely is going to
deliver real-world applications and products soon. Sensing with light in the form of
imaging, microscopy, spectroscopy or other interferometric methods has always
played an enormous role. As an example, quantum imaging aims at utilizing the
properties of quantum optical states to overcome the limits of classical imaging.

This seminar will cover theoretical and experimental aspects of sensing with quantum
light. Topics will include modalities like sensing with undetected photons via nonlinear
interferometers, sensing with squeezed light, spectroscopy with entangled light, the
generation of highly non-degenerate photon, high-dimensionally entangled light and
their application potential for sensing tasks. By bringing together established scientists
from leading research groups in the field, junior scientists and graduate students,
participants from fundamental and applied physics and industry the seminar aims at
providing a vibrant forum for the exchange of ideas and discussion.

Scientific Organizers:
PD Dr. Frank Kilhnemann Fraunhofer IPM, Freiburg und Physikalisches

Institut der Universitat Freiburg, Germany
E-Mail: frank.kuehnemann@ipm.fraunhofer.de

Dr. Sven Ramelow Humboldt-Universitat zu Berlin und Ferdinand-
Braun-Institut Berlin (FBH), Germany
E-Mail: sven.ramelow@physik.hu-berlin.de
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morning




Sunday, December 7, 2025

17:00-21:00 Registration

18:00 BUFFET SUPPER and informal get-together



Monday, December 8, 2025

07:30

08:30 - 08:45
08:45 -09:20
09:20 - 09:55
09:55-10:30
10:30-11:00
11:00-11:35
11:35-12:10
12:10

14:00 — 14:35
14:35-15:10
15:10 - 15:40

BREAKFAST
Scientific organizers

Dan Oron

Andrei Nomerotski

Bohmishikha Ghosh

COFFEE BREAK

Daniel I. Herman

Juan P. Torres

LUNCH

Ady Arie

Maria Bondani

Opening Remarks

Massively multiplexed photon correlation
sensing

Two-photon interference with massive
spectral multiplexing and other applications
of fast single photon sensitive cameras

Utilizing structured waves: From observing
anomalous transverse local momenta to
quantum information processing

Dual-comb interferometry: practical classical
sensing approaches and novel quantum-
enhanced techniques

Optical coherence tomography in a
nonlinear interferometer

Generation of structured quantum light and
its applications in sensing and
communication

Superthermal optical states: Generation,
statistical characterization, and applications
in correlated Imaging

COFFEE BREAK / Discussion




Monday, December 8, 2025

15:40 - 15:55 Stefan Jorda About the Wilhelm and Else Heraeus
Foundation

15:55-16:35 Poster Pitch |

16:35-18:15 Poster Session |

18:15-19:30 DINNER

19:30 “Tracing Light” film screening and forum



Tuesday, December 9, 2025

07:30 BREAKFAST

08:30-09:05 Perola Milman Resources for bosonic metrology: quantum-
enhanced precision from single photons to
continuous variables

09:05 - 09:40 Marco Barbieri Quantum metrology: making it work when it
should not

09:40-10:15 Benjamin Sussman Ultrafast Quantum Photonics: Beating

Decoherence with Fast Light Pulses
10:15-10:45 COFFEE BREAK
10:45-11:20 Frank Setzpfandt Quantum Imaging with high resolution

11:20-11:55 Brian Smith Challenges in Fluorescence-Detected
Entangled Two-Photon-Absorption
Experiments: Exploring the Low-to-High-
Gain Squeezing Regimes

11:55-12:10 Conference photo

12:10-13:30 LUNCH

13:30-16:00 Hike to the ,Drachenfels’ is planned

16:00 - 16:40 Poster Pitch Il

16:40-18:20 Poster Session Il

18:20 HERAEUS DINNER at the Physikzentrum

(cold and warm buffet, with complimentary drinks)



Wednesday, December 10, 2025

07:30 BREAKFAST

08:45-09:20 Milena D‘Angelo Correlation imaging, from 3D to
hyperspectral

09:20 - 09:55 Nicolas Treps Estimation of multiple parameters encoded
in the modal structure of light

09:55-10:30 Benjamin Brecht Generating, controlling and harnessing

pulsed quantum light based on nonlinear
integrated optics

10:30-11:00 COFFEE BREAK

11:00-11:35 Avi Pe'er Quantum matched filtering: breaking time-
energy separability by 12 orders of
magnitude

11:35-12:10 Zheshen Zhang Quantum Measurement and Sensing

Enhanced by Al and Entanglement
12:10-12:30 Scientific organizers Poster prizes, closing remarks, outlook

12:30 LUNCH

End of the seminar and departure

NO DINNER for participants leaving on Thursday; however, a self-service
breakfast will be provided on Thursday morning
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Posters

Poster Pitch & Session | (Monday) = No. 1 — 27
Poster Pitch & Session Il (Tuesday) = No. 28 - 55

Shaurya Aarav

Dmitrii Akatev

Maria Gorizia Ammendola

Ohad Aridor

Francesco Basso Basset

Cesar Bernardo

Richard Bernecker

Daniel

Borrero Landazabal

Benjamin Brecht

Jakob Budde

Khen Cohen

Transmission of entangled two-photon
states through scattering media using
coherence-entanglement transfer

Multifrequency quantum-enhanced Raman
bioimaging

Tunable Quantum Interference with a single
Liquid-Crystal Metasurface

Composite Directional Coupler Design for
Narrowband Filtering in Integrated Quantum
Photonics

Tunable entangled-photon emitter based on
a cavity-enhanced quantum dot on a
micromachined piezoelectric actuator

Employing spectrally resolved SPDC as a
tool in coherent spectroscopy

Quantum state engineering of maximally
entangled orbital angular momentum states
via path identity

Probing photon-number parity via
measurements of factorial moments

Optimizing the configuration of an OCT
sensor with undetected photons

Spatial Mode Demultiplexing for Super-
Resolution Imaging

A Single Plane Sorter For Quantum Sensing
and Applications
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Posters

Poster Pitch & Session | (Monday) = No. 1 — 27
Poster Pitch & Session Il (Tuesday) = No. 28 - 55

Johanna Conrad

Eloi Descamps

Vipin Chand Devrari

Jacques Ding

Tanguy Favin Leveque

Stefan Frick

Paul Gattinger

Abira Gnanavel

Bernard Gorzkowski

Daniel Gould

Raphael Guitter

Kazuki Hashimoto

Alternating Squeezing Operations and
Photon Subtraction for Approximating
Optical Schrodinger Cat States

A Generalized Framework for Hong-Ou-
Mandel Interferometry and its Applications
to Quantum Metrology

Quantum ghost imaging of transparent
birefringent vortex phase patterns

Heisenberg Scaling in a Continuous-Wave
Interferometer

Multiparameter estimation for sub-Rayleigh
resolution of two incoherent sources

The Marietta Blau Optical Ground Station

Applications of QFTIR spectroscopy

Mid-infrared quantum spectroscopy with
undetected photons in a dispersion
engineered integrated SU(1,1) interferometer

Low photon number non-invasive imaging
through time-varying diffusers

Scattered light filtering in a quantum-
enhanced twin-Michelson interferometer
with two-carrier heterodyne readout

Certifying high-dimentional quantum
entanglement using a time-stamping camera

Mid-infrared sensing with undetected
photons employing a high-gain nonlinear
interferometer
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Posters
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Charlie Hogg

Allard K. F. Huebler

Noah Kaufmann
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Mikhail Korobko

Valeriia Kosheleva
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Sanjukta Kundu

Jakub Lewandowski

Colin Lualdi

Marco Malventi

Using quantum sensing to provide physical
layer security

Real-time Quantum Optical Correlation
Shaping

Spin-squeezing enhanced sensing with
gubits affected by non-Markovian dephasing

Quantum Teleportation Enhanced Optical
Displacement Sensing

Simultaneous Speedmeter and Position-
Meter Response in a Single Tabletop
Interferometer

Enhanced multiphoton ionization driven by
guantum light

Quantum Estimation of Cosmological
Parameters

Quantum-entangled SPectrometer using
Infra-Red Interference Technology (Q-
SPIRIT)

Single-photon wavefront sensing with
Shack-Hartmann sensor and fast time-
stamping camera

Nanometer-scale quantum interferometry
with extreme energy entanglement

High spectral purity photonic states in
AlGaAs on insulator
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Alyssa Mayeux
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Devendra Kumar Mishra

Hila Mizrahi

Fabian Miller

Bianca Nardi

Balazs Novak

Fitri Nur Duwi Fat

Cristofero Oglialoro

Alejandra Padilla

Carsten Pitsch

Mid infrared spectrally multimode SU(1,1)
interferometer pumped by sub-nanosecond
pulses

Robust Multiparameter Protocol for
Quantum-Enhanced Phase Estimation with
Squeezed Light

Enhancement in phase sensitivity in
displacement-assisted SU(1,1)
interferometer via photon recycling

Robust Quantum-Light Sources via
Detuning-Modulated Composite
Segmentation

Pushing the Boundaries: Interferometric
Mass Photometry at the Quantum Limit of
Sensitivity

Quantum rangefinding with Bragg-reflection
waveguides

Quantum Enhanced Superresolution
Imaging

Imaging two photon hong ou mandel
interference with EMCCD as photon number
resolving camera

Quantum Sensing of Polarization-
Dependent Properties with Undetected
Light

Fourier-domain Optical Coherence
Tomography with a Seeded SU(1,1)
Interferometer

Towards real-time quantum ghost imaging
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Clémentine Rouviére

Gregor Sauer

Michael Schlosser

Alexander Seeliger

Giacomo Sorelli

Yanis Trouyet

Zicong Xu

Shih Xian Yang

Ivan Zorin

Giovanni Zotti

Spatial-mode demultiplexing for sub-
diffraction correlated sensing with NV
centers

Resource-Efficient Tomography of Joint
Multipartite Photon Statistics for Quantum
Sensing

A Bright and Broadband Domain-Engineered
Photon Pair Source for Quantum Sensing

Improving Resolution Limits of Quantum
Imaging with Undetected Photons via
Structured Light

Ultimate resolution limits in coherent anti-
Stokes Raman scattering imaging

Non-local wavefront shaping using
entangled photons

Generation of picosecond and femtosecond
pulsed squeezed light with Ti:sapphire
lasers

Axial Tracking with Correlation Light-field
Microscopy

Dispersion compensation in nonlinear
interferometry for mid-infrared OCT imaging

Single-mode bright twin beams for high-
harmonic generation
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Generation of structured quantum light and its applications in sensing and
communication

Ady Arie
School of Electrical Engineering, Tel Aviv University, Israel
ady@tauex.tau.ac.il

In the process of spontaneous parametric down conversion (SPDC), a pump
photon spontaneously splits inside a quadratic nonlinear crystal to signal and idler
photons. By either structuring the nonlinear coefficient or by shaping the pump beam,
it is possible to control the correlations of the down-converted signal and idler photons
in different degrees of freedom [1]. In my presentation, | will focus on generating
spatially encoded entangled photons.

Specifically, we have fabricated structured nonlinear crystals for direct
generation of spatially entangled signal-idler pairs, including a bi-photon Bell state in
the Hermite-Gauss basis, as well as a state with three dominant pairs of coincidences
[2].

As alternative method we studied is by using shaped pump beams to generate
bi-photon qubits and qutrits in the Laguerre-Gauss basis. The bi photon qutrit enables
us to realize three-dimensional entanglement-based quantum key distribution. The trit
error rate of 7.03% was far below the error threshold for secure communication with
qutrits.

Shaped pump beams were also used for generating high brightness NOON
states, which were then used for super-resolved quantum rotation sensing [3]. In this
sensor we employed two opposite spiral phase plates, for converting the mechanical
rotation into wavefront phase shifts. This setup enables to measure the rotational
Doppler shift of slowly rotating objects, at rates that are comparable to the Earth's spin.
Moreover, by measuring the coincidence between 4 single-photon detectors, we
observed four-fold improvement in resolution, which is further multiplied by 128 - the
topological charge of the phase plates — thus providing 512-fold enhancement in
rotation resolution.

References

[1] O. Yesharim, I. Hurvitz, J. Foley Comer and A. Arie, "Bulk nonlinear metamaterials
for generation of quantum light," Applied Physics Reviews 12, 011323 (2025)

[2] O. Yesharim, S. Pearl, J. Foley-Comer, I. Juwiler, and A. Arie, “Direct generation of
spatially entangled qudits using quantum nonlinear optical holography,” Science
Advances 9, eade7968 (2023).

[3] O. Yesharim, G. Tshuva and A. Arie, "Quantum enhanced mechanical rotation
sensing using wavefront photonic gears", APL Photonics 9, 106116 (2024).


mailto:ady@tauex.tau.ac.il

Quantum metrology: making it work when it should not

Gabriele Bizzarri, Miranda Parisi, Mylenne
Manrique, Ilaria Gianani, Matteo Rosati,
Marco Barbieri*
Universita degli Studi Roma Tre, Italy

Andrea Chiuri
ENEA, Italy

Vittorio Giovannetti
Scuola Normale Superiore, Italy

Matteo G.A. Paris
Universita degli Studi di Milano, Italy

*marco.barbieri@uniroma3s.it

Abstract

Describing complex systems generally entails including a large number of parameters.
However, it is often the case that only a small subset of parameters suffices to describe the
dynamics of the system. For instance, we may include temperature, pressure, concentration,
etc., in the list of parameters influencing biological systems. In some cases, distinct
arrangements of their values could lead to identical behaviours, due to the nature of the
phenomenon or because of some reaction mechanism. Such an occurrence of a model with
many parameters being actually governed by a lesser number of combined parameters is called
‘sloppiness’ [1].

The evolution of a sloppy model is thus governed by such few stiff combinations, as they are
commonly indicated in the field of biological complex systems. Consequently, observing the
dynamics may provide large Fisher information on those parameters. However, such stiff
combinations coexist with other sloppy combinations, that are, conversely, hardly relevant in
determining the system's behaviour. No measurement applied to the system would collect
significant Fisher information.

We explored how such a sloppy behaviour can be controlled and counteracted via quantum
weak measurements in the estimation of two sequential phases [2]. We showed that including a
weak measurement of variable strength in-between the two phases allows to switch from a
completely sloppy setup to a well-determined system in which both phases can be estimated
with quantum-limited precision. Coding is then performed on the polarisation of a single photon
and, thanks to the possibility of measuring it without necessarily destroying it, we investigate
the consequences of extracting limited information for a two-phase estimation experiment.
Our study demonstrates that the degree of sloppiness of the model can be controlled via the
strength of the weak measurement, switching continuously from a fully sloppy setting to a
perfectly determined one where both phases can be estimated with quantum-limited precision.

Keywords: phase estimation, Fisher information, sloppy models

References :

[1] K. S. Brown, C. C. Hill, G. A. Calero, et al., “The statistical mechanics of complex signaling networks: nerve
growth factor signaling,” Phys. biology 1, 184 (2004)

[2] G. Bizzarri, M. Parisi, M. Manique et al. “Controlling sloppiness in two-phase estimation with a tunable weak
measurement”, Optica Quantum, in press (2025)



Superthermal optical states: Generation, statistical characterization, and
application in correlated Imaging

M. Bondani

Consiglio Nazionale delle Ricerche, Istituto di Foitonica e Nanotecnologie (CNR-IFN),
Como, Italy

Correlated imaging techniques—such as ghost imaging, differential ghost imaging,
and sub-shot-noise imaging—rely on spatially correlated pairs of light beams, whose
correlations may be classical or quantum in nature. The degree of correlation directly
determines the visibility and quality of the reconstructed image. Classically correlated
beams are typically obtained from (pseudo-)thermal light generated by a rotating
diffuser and divided at a beam splitter, where the correlations arise from the intrinsic
fluctuations of the thermal field.

To enhance these correlations, we have developed new sources of classically
correlated optical states exhibiting superthermal statistics, characterized by intensity
fluctuations exceeding those of thermal light. Two such sources are presented: the first
obtained by upconversion of a pseudo-thermal speckle pattern in a nonlinear crystal,
and the second, more efficient and experimentally versatile, produced by transmitting
a laser beam through a sequence of rotating diffusers.

The statistical properties of these superthermal states are characterized using photon-
number-resolving detectors operating at room temperature in the mesoscopic intensity
regime, enabling direct access to their photon-number distributions and correlation
strength. Comparative analyses of image contrast and signal-to-noise ratio highlight
both the advantages and limitations of superthermal light. The results demonstrate that
the controlled engineering and quantitative characterization of light statistics open new
perspectives for correlated imaging and for applications at the interface between
classical and quantum optical technologies.

References
[1] A. Allevi, M. Bondani, Physics Letters A, 492, 129207 (2023)
[2] C. Bianciardi, A. Allevi, M. Bondani, Appl. Sci. 13, 4490 (2023)

[3] S. Cassina, G. Cenedese, M. Lamperti, M. Bondani, A. Allevi, Physics Letters A,
495, 129300 (2024)



Generating, controlling and harnessing pulsed quantum light
based on nonlinear integrated optics

Benjamin Brecht
Integrated Quantum Optics, Department Physics, Institute for Photonic Quantum Systems (PhoQS),
Paderborn University, 33098 Paderborn, Germany

Classical optical systems exploiting the coherence of interfering waves underpin many modern
photonic technologies. Integrated optics provides miniaturization and high functionality,
enabling the realization of compact and scalable devices. At the quantum level, the discrete
nature of light — manifested in photons and entangled states — gives rise to genuine quantum
effects that form the foundation of emerging quantum technologies capable of surpassing
classical limits, such as in quantum metrology and interferometry.

Recent progress in integrated quantum optics and technologies has demonstrated powerful
waveguide-based systems, which exploit X ( -2op-linearity for efficient state preparation and
manipulation. Such devices enable parametric down-conversion sources with exceptional
brightness, as well as quantum frequency conversion with tailored spectral-temporal properties.
Pulsed quantum light offers unique advantages for quantum technologies when its temporal-
spectral degrees of freedom are engineered for optimized performance. E.g. Temporal modes
(TMs), defined as field-orthogonal wave packet states, provide a high-dimensional, fiber-
compatible basis that can be harnessed for advanced quantum applications.

We present how dispersion engineering in nonlinear processes enables precise control over the
spectral-temporal properties and TM structure of quantum light for state preparation,
manipulation, and detection. Using highly efficient nonlinear waveguide devices, we realize
tailored PDC sources and quantum pulse gate (QPG) setups for the precise control of temporal-
mode quantum states and show applications in quantum metrology and integrated quantum
interferometry.



Correlation imaging, from 3D to hyperspectral

MilenaD’ An &%el o
1. Dipartimento Interateneo di Fisica, Universita® degli Studi di Bari “ A | Mar &0126, Bari, Italy
2. Istituto Nazionale di Fisica Nucleare, Sezione di Bari, 70125, Bari, Italy

Plenoptic or lightfiled imaging is a recently developed imaging modality enabling both to modify the focused
plane of acquired images, in post-processing, and to perform scanning-free 3D imaging. The key is to retrieve
both spatial and directional information about light from the scene of interest.

In conventional approaches, the effective potential of these devices is highly limited by the intrinsic strong
trade-off between plenoptic capabilities and resolution. Still, the fast 3D imaging capability of lightfield cameras
is attracting increasing attention.

We have proposed and developed a novel approach to plenoptic imaging, named correlation plenoptic
imaging (CPI) [1,2], which enables addressing the intrinsic resolution versus depth of field (DOF) trade-off by
exploiting the peculiar spatio-temporal correlations of both chaotic light and entangled photons.

In this talk, we will present the main experimental achievements in CPI: from the first proof-of-principle
demonstration of its diffraction-limited plenoptic imaging capability, to the implementation in the realm of
microscopy, where diffraction-limited resolution has been combined with a 6x DOF improvement.

We shall also present recent advances in correlation imaging modalities which are expected to enable
scanning-free high-resolution hyperspectral imaging [3], 3D imaging [4,5] and 3D microscopy [6], with at least
one order of magnitude advantage over typical tradeoffs such as resolution versus depth of field and spatial
versus spectral resolution. Both entangled light beams and chaotic light are employed, depending on the specific
application scenario.

Speed-up enabled by both SPAD arrays and Al denoising approaches shall also be presented, demonstrating
the effective capability of the presented approaches to compete with state of the art approaches, while
overcoming their intrinsic limitations.

[1] F.V. Pepe, F. Di Lena, A. Mazzilli, G. Scarcelli, M. D'Angelo, Diffraction-Limited Plenoptic Imaging with
Correlated Light, Physical Review Letters 119, 243602 (2017)
[2] M. D'Angelo, F.V. Pepe, A. Garuccio, G. Scarcelli, Correlation Plenoptic Imaging, Physical Review Letters
116, 223602 (2016)
[B]G.Masssar o, F. V. P e p e , Hyperspectial Inagirg, éHysical Redew _attersi(2828)i o n
[4] Massaro, G., Mos, P., Vasiukov, S. et al. Correlated-photon imaging at 10 volumetric images per second,
Scientific Reports 13, 12813 (2023)
[ 5] C€C. Abbattista, .. M. D ingAdeviges. Applied STiemossd. T, @114 (R Nt um 3 D i
[ 6] G. Massar o, D. Gi annell a, A .-fielmiaogcbpy with aorrelatéd. V . Pep
beams for high-resolution volumetric imaging. Scientific Reports 12, 16823 (2022)



Utilizing structured waves: From observing anomalous
transverse local momenta to quantum information processing

Bohnishikha Ghosh'?", Bernard Gorzkowski*, Jakub Lewandowski', Andrei Nomerotski**, Radek Lapkiewicz*
Institute of Experimental Physics, Faculty of Physics, University of Warsaw, *Czech Technical University in Prague, “Florida
International University
Timon Zipfelmaier®, Arseni GousseVv®, Tomasz Paterek”®, Thomas Schachinger®, Thomas Juffmann®
SUniversity of Vienna, University of Geneva, “University of Gdansk, Xiamen University of Malaysia, Technical University of
Vienna
Suraj Goel?, Mehul Malik?
2Institute of Photonics and Quantum Sciences, Heriot-Watt University, Edinburgh

*b.ghosh@hw.ac.uk

Structured waves naturally arise in diverse physical systems whenever fields deviate from the
plane-wave approximation. Since the advent of singular optics and orbital angular momentum, they
have opened new directions across plasmonics, electron optics, and high-dimensional quantum
information processing [1].

| will first discuss our experimental studies of quantum backflow—a counterintuitive interference effect
where a freely propagating quantum particle with positive momentum exhibits locally negative
probability current. This phenomenon highlights the contrast between local quantities (probability
density, probability current) and global ones (momentum), and underlines fundamental differences
between classical and quantum dynamics. We extend the broader concept of backflow—where local
flows of energy density or probability density oppose the global direction—to structured optical fields.
Using a Shack-Hartmann wavefront sensor, we experimentally observed anomalous transverse linear
[2] and orbital angular momenta [3] in simple two-beam interference, showing that such effects
naturally arise due to unavoidable amplitude imbalances. We further extend these results into the
single-photon regime using a Timepix3 camera [4]. Finally, | will present a proposal and ongoing
efforts to realize backflow with massive particles in a transmission electron microscope.

In the second part, | will briefly outline current advances on high-dimensional quantum information
processing with structured light [5], focusing on the use of multi-plane light converters (MPLCs) as
programmable platforms for implementing multi-photon circuits.

References

[1] Konstantin Y Bliokh et al 2023 J. Opt. 25 103001

[2] Anat Daniel et al 2022 New J. Phys. 24 123011

[3] Bohnishikha Ghosh et al 2023 Optica 10, 1217-1222
[4] Bohnishikha Ghosh et al 2025 in preparation

[5] Suraj Goel et al 2025 in preparation
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Dual-comb interferometry: practical classical sensing approaches and novel quantum-enhanced
techniques

Daniel I. Herman,* Jérdme Genest,? and Scott Diddams®

'Sandia National Laboratories, Albuquerque, New Mexico, USA
Université Laval, Québec City, Québec, Canada

*University of Colorado Boulder, Boulder, Colorado, USA

Dual-comb interferometry (DCI) has become an indispensable technique for metrology with
optical frequency combs [1]. DCI enables broadband, high-resolution molecular spectroscopy
[1] with low systematic error as well as state-of-the-art optical time transfer and ranging [2].
Other emerging applications include imaging, holography and acoustic sensing. In this talk, we
will review recent developments in DCI applications including atmospheric remote sensing [3],
optical clock networking [2] and fundamental studies of laser comb noise sources [4,5]. After
motivating the use of DCI for real-world applications, we will discuss the role of quantum noise
in DCI measurements. Specifically, we will analyze current work on the use of Kerr-soliton-
squeezed states for reduced quantum noise in dual-comb spectroscopy [6] and generalized
time-domain DCI experiments [7]. These experiments motivate future research into quantum-
enhanced comb-based chemical sensors, quantum optical time transfer systems and ultrafast
guantum state tomography techniques.

References:
[ 1] I . Coddingt on, N . Newmbr gpacdrWsc®wagnih, Opbuah

[ 2] E. D. Cal dwgélimited opticaltametr an'sQeantf wom f uture geosyn
Nature 618, 721 (2023).

[B] F. R. Gi or g e t-Rath DualtComblSpectroscapyfer Multispecies Trace Gas
Detectioninthe45-5 pupm Spectral Region,” Laser & Photoni c:¢

4HR.Heebgl |l et al., “Resonant EO combs: beyond th
frequency combs,” Optics Express 32, 45932 (2024)
[5]1D.l.Her man, M. Wal s h a nresolvéd optiGat fre@uency,conib Rkedlpeint

localization via dual-comb interfero met ry, ” Optics Letters 49, 7098 (:
[6]D.l.Her man ®queezeddualc mb spectroscopy,” Science 387,
[ 7] D. . H e r nDependent SqaekzinginDuBHCamd | nter ferometry,”
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Resources for bosonic metrology: quantum-enhanced precision
from single photons to continuous variables

P._Milman 1, E. Descamps 1, A. Keller 1,2, A. Sharyan 1

1 Laboratoire Matériaux et Phénomeéenes Quantiques, Univ. Paris Cité-CNRS
2 Départment de Physique, Universit'e Paris-Saclay, 91405 Orsay Cedex, France

Quantum metrology seeks to estimate parameters governing physical evolutions with a
precision surpassing the shot-noise limit by exploiting suitable quantum resources.
Quantum optics provides a versatile platform to reach such ultimate limits, where different
states of light serve as probes for various parameters. Depending on the setup, the
evolution, and the chosen optical state, distinct features—such as particle or mode
entanglement, coherence, or non-classical phase-space properties—act as resources.
Yet, a fundamental question remains: how are these resources related, and what
intrinsically determines their usefulness for parameter estimation?

In this work, we introduce a unified framework for quantum metrology with bosonic
systems that brings together all known bosonic precision-enhancing regimes. Using a
superselection-rule—compliant representation of the electromagnetic field, which explicitly
incorporates the phase reference and enforces total particle-number conservation, we
provide a description formally equivalent to that used in atomic systems. This formulation
naturally connects the discrete- and continuous-variable limits of quantum optics. Within
this framework, we recover established results with a transparent physical interpretation
of the underlying resources and derive general strategies for optimizing precision with
arbitrary multimode entangled probe states. Furthermore, our approach readily
accommodates noise, measurement strategies, and non-unitary evolutions, extending its
relevance to realistic experimental conditions.



Two-photon interference with massive spectral
multiplexing and other applications of fast single
photon sensitive cameras

Andrei Nomerotski

Czech Technical University in Prague, Czechia

Two-photon interference in the spectral domain is powerful resource for quantum
technologies, enabling both precision measurements and scalable entanglement
distribution. | will present the first demonstration of massively parallel,
wavelength-resolved photon bunching, with Hanbury Brown Twiss correlations
across 100 independent spectral channels for broadband light. These
observations are enabled by a fast, data-driven single-photon spectrometer that
achieves 40 pm spectral and 40 ps temporal resolution over a 10 nm bandwidth,
allowing simultaneous access to spectro-temporal photon correlations. Our
results establish frequency-multiplexed two-photon interference as a scalable and
throughput-efficient platform for quantum-enhanced photonic technologies, with
applications ranging from stellar intensity interferometry to broadband
entanglement swapping in quantum networks. | will also review future prospects
for the fast camera technology in single photon sensitive applications and show
some recent results enabled by that.



Massively multiplexed photon correlation sensing
S. Elmalem, D. Oron

Weizmann Institute, Rehovot, Israel

Photon correlation measurements are typically performed using a Hanbury-Brown and
Twiss (HBT) setup, with multiple detectors. We have previously shown that small
format SPAD arrays are capable of replacing the conventional HBT setup. Notably,
however, the technology of SPAD array imagers is rapidly evolving, with megapixel
arrays already being commercially available. This opens new possibilities in directly
imaging not only intensities of light but also the statistics of photons at practical rates.
To overcome this, however, one needs to overcome detector noise and, more
importantly, detector artifacts such as inter-pixel crosstalk. We show the feasibility of
performing this even at relatively low detection efficiencies, where the correlation signal
has to be measured relative to strong contributions induced by detector artifacts,
demonstrating differentiation of single quantum emitters and clusters of emitters (see
Figure 1). This characterization pipeline enables to dramatically expand the capabilities
of direct imaging. With technical
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Quantum matched filtering: breaking time-energy
separability by 12 orders of magnitude

NIR NECHUSHTAN!, HANZHONG ZHANG!, YOSEF LonDON?2,
MALLACHI MELLER?Y, HAIA AMIHAI 1, ELIAHU COHEN?, AND AvVI
PE’ERY’

IDepartment of Physics and QUEST Center for quantum science and technology, Bar-1lan University,
Ramat Gan 5290002, Israel

2Faculty of Electrical Engineering and QUEST Center for quantum science and technology, Bar-1lan

University, Ramat Gan 5290002, Israel
“avi.peer@biu.ac.il

Abstract:

Detection of signals buried in noise is the major challenge for sensing. Classically, the optimal
detector is a matched filter, whose sensitivity meets the classical limit of correlation between
the filter target ) ,(,” and the measured signal within the noise (,(1”. For classical signals, the
correlation is limited by the separability criterion in frequency-time (1 (" ,a1,a2” %
Quantum states, however are not necessarily separable, and the correlation between entangled
particles can surpass the classical limits. Specifically, time-energy entangled photons can be
simultaneously correlated in time di Cerence (1 (, and frequency sum a; , ap with no minimum
limit of the above inequality, potentially leading to a drastic enhancement of sensitivity for
diversified sensing applications. Yet, to enjoy this quantum enhancement, a unique, global
detector is needed that can recover the complete information of entanglement in a single shot, i.e.
measure the combined correlated variables ,(; (>" and ,a; , a2” without measuring the individual
frequencies or times. Such a global measurement could, in principle, be realized using the reverse
disentangling interaction, such as sum-frequency generation (SFG), but nonlinear interactions at
the single-photon level have long been prohibitively ine [cieht, significantly restricting practical
implementations. Here we overcome this barrier: We measure simultaneously and e [ciehtly both
the frequency-sum (SFG spectrum) and the time-di [erence (relative group delay/dispersion) by
stimulating the SFG recombination with a strong pump. We generate biphotons with extreme time-
energy entanglement (octave-spanning spectrum of 113THz) and measure a relative uncertainty
between time-di [erbnce and frequency-sum of .01 (" ,a1,a” 2 10 13 | violating the
classical separability bound by more than 12 orders of magnitude. Our experiment and supporting
theory pave the way for improved sensing applications, such as quantum illumination (radar),
and for various continuous-variable communication protocols.



Quantum Imaging with high resolution

Frank Setzpfandt'?

YInstitute of Applied Physics, Abbe Center of Photonics, Friedrich Schiller University
Jena, Albert-Einstein-Str. 15, 07745 Jena, Germany
2 Fraunhofer Institute of Applied Optics and Precision Mechanics IOF, Albert-
Einstein-Str. 7, 07745 Jena, Germany

Quantum imaging is a rapidly growing field of science, which uses the quantum
nature of light to develop imaging methods with improved properties [1]. One of the
key promises of quantum imaging schemes like Ghost Imaging or Imaging with
Undetected Photons is to improve imaging at longer wavelengths, which can give
access to chemical information of investigated samples. A crucial parameter for all
imaging schemes is the achievable spatial resolution. Classically, the spatial
resolution is limited mainly by the illumination wavelength and the used optical
elements in an imaging experiment. However, for wide-field quantum imaging with
two different wavelengths the properties of the source, namely the achievable spatial
correlations, also affect the possible resolution. The ultimate resolution limit is again
given by the diffraction limit and will not overcome classical limitations [2,3].

Even the classical diffraction limit in wide-field quantum imaging can only be reached
by very thin sources, severely limiting the photon-pair rate that can be used for
illumination. To overcome this practical limitation, we implemented scanning quantum
imaging systems, where the achievable spatial resolution is decoupled from the
spatial correlations in the source [4]. These systems and their application for the
imaging of biological samples will be presented.

Furthermore, | will theoretically discuss how to overcome the resolution limitation by
coupling the sample under test to the used photon-pair source, thus mediating a
transfer of high-resolution near-field information to propagating waves that can be
imaged using a camera [5].
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Challenges in Fluorescence-Detected Entangled Two-Photon-Absorption
Experiments: Exploring the Low-to-High-Gain Squeezing Regimes

Brian J. Smith®, Tiemo Landes*, Markus Allgaier*, Andrew Marcus?, and Michael G.
Raymer*

! Department of Physics, University of Oregon, Eugene, Oregon, USA

2 Department of Chemistry and Biochemistry, University of Oregon, Eugene, Oregon,
USA

The rate of two-photon absorption of time-frequency-entangled photon pairs has
been the subject of much study for its potential to enable quantum-enhanced
molecular spectroscopy and imaging. We closely replicated recent experiments that
reportedly observed such enhancement and have found that in the low-photon-flux
regime the two-photon signal is below detection threshold [1,2]. Using an optical
parametric down-conversion photon-pair source that can be varied from the low-gain
spontaneous regime to the high-gain squeezing regime, we observe two-photon
absorption with a molecular sample in solution for the high-gain regime, but not for
the low-gain regime where time-frequency correlations provide an advantage over
uncorrelated laser light of the same flux. The observed rates are consistent with
theoretical predictions [3,4] and indicate that time-frequency photon entanglement
does not yet provide a practical means to enhance spectroscopy or imaging with
current techniques.

1. T.Landes, B. J. Smith and M. G. Raymer, “Limitations in fluorescence-detected
entangled two-photon-absorption experiments: Exploring the low-to high-gain
squeezing regimes,” Phys. Rev. A 110, 033708 (2024).

2. T. Landes, M. Allgaier, S. Merkouche, B. J. Smith, A. H. Marcus and M. G.
Raymer, “Experimental feasibility of molecular two-photon absorption with
isolated time-frequency-entangled photon pairs,” Phys. Rev. Research 3, 033154
(2021).

3. M. G. Raymer, T. Landes, M. Allgaier, S. Merkouche, B. J. Smith and A. H.
Marcus, “How large is the quantum enhancement of two-photon absorption by
time-frequency entanglement of photon pairs?” Optica 8, 757 (2021).

4. T. Landes, M. G. Raymer, M. Allgaier, S. Merkouche, B. J. Smith, and A. H.
Marcus, “Quantifying the enhancement of two-photon absorption due to spectral-
temporal entanglement,” Optics Express 29, 20022 (2021).



Ultrafast Quantum Photonics: Beating Decoherence with Fast
Light Pulses

Ben Sussman

National Research Council & University of Ottawa

Ultrafast optical pulses - femtoseconds to picoseconds in duration - are gaining interest
for quantum processing due to their potential to encode information in brief time-bins,
overcoming rapid decoherence.

The development of essential components for optical quantum technologies will be
discussed, including a single photon switch based on the optical Kerr effect in single-
mode fibres and a single photon memory based on fibre cavities. The switch controls
single photon routing without adding noise, while the memory addresses a key scaling
challenge by temporarily storing quantum states without loss of coherence, enabling
quantum process synchronization.

Application of these components in photonic quantum processing and quantum sensing
will be discussed, including random walks and more general processing, as well as
guantum enhanced ranging and approaches to imaging and spectroscopy using
correlated photons.

<<



Optical coherence tomography in a nonlinear
interferometer

Juan P. Torres

ICFO-Institute of Photonic Sciences, Spain

Optical Coherence Tomography (OCT) is a powerful imaging technique that allows to
see inside objects generating high-resolution 3D images. OCT is an active area of
research as well as a mature technology that finds applications in many areas of
science and technology. In this talk we will explore how OCT can be implemented
using different types of nonlinear interferometers. We will analyze the main features
of OCT in these systems, and the advantages and disadvantages of each
configuration.



Estimation of multiple parameters encoded in the
modal structure of light

Nicolas Treps

Laboratoire Kastler Brossel, France

Advances in quantum and mode-selective measurements are reshaping how optical
imaging can extract information below classical resolution limits. In this talk, | will
present our recent theoretical and experimental developments on multi-parameter
estimation encoded in the modal structure of light. On the theory side, we develop a
general framework for simultaneously estimating several parameters directly from the
shape of the optical modes, deriving the full Quantum Fisher Information matrix and
identifying the conditions that allow the multi-parameter Quantum Cramér—Rao
bound to be jointly saturated. This leads to a clear modal picture in which each
parameter is associated with an optimal detection mode whose overlaps govern both
parameter correlations and attainability.

Experimentally, | will show how these concepts are implemented using spatial-mode
demultiplexing (SPADE) to resolve two incoherent point sources deep in the sub-
Rayleigh regime, without prior knowledge of their relative brightness or alignment.
We achieve highly sensitive multiparameter estimation across diverse scene
configurations. Our results highlight the difference between the experimental case of
slightly non-identical sources and the idealized scenario of perfectly indistinguishable
sources. Moreover, we show that employing an additional shifted demultiplexer
significantly increases the accessible information and enhances estimation quality.



Quantum Measurement and Sensing Enhanced by Al and
Entanglement

Zheshen Zhang*

'Department of Electrical and Computer Engineering
University of Michigan, Ann Arbor, MI 48109, USA

Artificial intelligence (Al) has transformed the modalities of information processing. In
this talk, I will discuss how Al and entanglement join forces to approach or surpass
the fundamental limits of measurement and sensing. | will introduce quantum
receiver enhanced by adaptive learning (QREAL) designed by machine learning and
further equipped with transfer learning at a physical layer to demonstrate a consistent
performance beyond the standard quantum limit in decoding quantum states and
parameter estimation. | will next elaborate on Al-assisted quantum engineering that
addresses more complex distributed sensing problems. Before closing, | will present
our quantum testbed on the cloud and ultra-low-loss quantum photonic integrated
circuits as two major quests for scalable, interoperable, and accessible quantum
information processing systems.
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Transmission of entangled two-photon states through scattering media using
coherence-entanglement transfer

Shaurya Aarav, Hugo Defienne
Sorbonne Université, CNRS, Institut des NanoSciences de Paris, INSP, F-75005 Paris,
France

Transmission of high-dimensional quantum states through real-world environments is
essential for quantum communication and imaging, but aberrations and scattering scramble
the signal and hinder practical use. A common solution employs a classical beacon beam to
measure the transmission matrix and correct distortions, relying on the high-contrast speckle
patterns of coherent light [1,2]. In contrast, entangled photon pairs do not produce such
speckles in intensity, making them unsuitable for direct wavefront correction. Moreover,
introducing an auxiliary beacon increases system overhead, as it must be carefully matched
to the quantum state in polarization, wavelength, and bandwidth.

Here, we present a fast, efficient approach that eliminates the need for external reference
light by using the quantum state itself for wavefront correction. By shaping the pump beam,
we tune the degree of spatial entanglement so that the two-photon state behaves either as a
high-dimensional entangled state or as a low-dimensional, classical-like state. In the latter
regime, speckles emerge in the two-photon intensity itself, enabling direct transmission
matrix measurement with a spatial light modulator. Once the matrix is obtained, appropriate
phase patterns restore the correlations of the high-dimensional state. By exploiting the
fundamental coherence-entanglement duality [3], we demonstrate recovery and shaping of
two-photon correlations through scattering, paving the way toward scalable quantum
imaging and communication in complex environments.

Associated paper: Shaurya Aarav, Hugo Defienne. Wavefront correction of high-
dimensional two-photon states via coherence-entanglement transfer. arXiv:2509.04170
(2025)
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Multifrequency quantum-enhanced Raman
bioimaging
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Stimulated Raman scattering (SRS) microscopy is a powerful label-free and
noninvasive techniqgue for investigating chemical bonds and molecular structures. By
coherently probing the sample with a Stokes beam and a pump, it enables
quantitative, high-speed, and background-free chemical imaging [1]. A standard
approach to improve the sensitivity of SRS systems relies on increasing the optical
power delivered to the sample. However, for biological samples the illumination
power must remain below a certain threshold to preserve their native dynamics. As a
result, detection sensitivity is fundamentally limited by shot noise. Incorporating
squeezed light, with noise reduced below the shot-noise limit (SNL), into SRS opens
new opportunities for achieving higher sensitivity and faster acquisition [2].

In this work, we present the first broadly tunable quantum-enhanced SRS
microscope, capable of chemical mapping across key vibrational regions associated
with proteins and lipids, including a band within the fingerprint region (1450-1650
cm 1) and the function group region (2800-3100 cm 1). By employing a pulsed
Stokes (probe) beam amplitude-squeezed by 5.2 dB below the SNL, together with a
broadly tunable pump beam, and using pork muscle tissue as a biological model, we
demonstrate an average noise reduction of 3.6 dB and a 51% improvement in the
signal-to-noise ratio — highlighting the potential of quantum resources for label-free
biomedical imaging.

References
[1] J.-X. Cheng, X.S. Xie, Science 350, aaa8870 (2015)
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Tunable Quantum Interference with a single Liquid-Crystal Metasurface

M.G. Ammendola,’? |. Machuca Flores,' S. Dey,! F. Di Colandrea,’ B. Sephton,’ C.
Schiano,’ V. D’Ambrosio,’ L. Marrucci,’? P. Cameron,’-? and F. Cardano’

Dipartimento di Fisica, Universita degli Studi di Napoli Federico |l, Complesso
Universitario di Monte Sant'Angelo, Via Cintia, 80126 Napoli, Italy, 2Scuola Superiore
Meridionale, Via Mezzocannone, 4, 80138 Napoli, Italy, 3CNR-ISASI, Institute of
Applied Science and Intelligent Systems, Via Campi Flegrei 34, 80078 Pozzuoli (NA)

Structured optical materials offer a promising platform for photonic quantum
information processing. In particular, geometric-phase optical elements can function
as parallel beam splitters (BS) acting on circularly polarized photons carrying quantized
transverse momentum. In this work, we demonstrate tunable quantum interference
using a gradient liquid-crystal metasurface (LCMS).

Building on earlier results by D'Ambrosio et. al. for vector-vortex modes of light [1], we
show the ability to control the degree of quantum interference between pairs of incident
circularly polarized photons carrying quantized transverse momentum.

Our results are framed in the research context of metasurfaces in quantum optics
experiments [2]. The periodic LCMS acts as a BS on two photons in two input modes.
Differently from other implementations, the voltage (V) applied and its transverse
position (Ax) (see Fig. 1) determine the splitting ratio of the BS, which is therefore easy
to control. Moreover, photons in different modes are following the same path within the
same optical beam, which allows for simpler and more stable experimental setups. We
use a lens to separate these modes into spots that are subsequently imaged onto a
single-photon sensitive time stamping camera, that enables direct counting of
coincidence events. This configuration is easily scalable and ready to enable highly
parallel coincidence measurements between many modes.

Counts 1500}

maXx
1000;

500;

Coincidences in 110 s

Fig. 1: Experimental Results a. Schematic of the setup, where a first periodic LCMS
(G,) prepares the input state and a second one (G,), which can be electrically tuned
(V) and shifted (Ax) acts as a tunable BS between two circularly polarized transverse
momentum modes (-1,R and 1,L). b. Experimental coincidence counts between the
two modes. The minimum corresponds to 50:50 splitting ratio.
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Tunable entangled-photon emitter based on a cavity-enhanced
guantum dot on a micromachined piezoelectric actuator

F. Basso Basset?!, M. B. Rota?, T. M. Krieger3, Q. Buchinger?, M. Beccaceci?, J.
Neuwirth?, H. Huet?, N. Horova®, G. Lovicu?, G. Ronco?, S. F. Covre da Silva®$, G.
Pettinari’, M. MbBusanawska*, C. Kohlberger®, S. Manna3, S. Stroj8, J.
Freund3, X. Yuan3?, K. Jons'?, C. Schneider!!, M. Jezek®, S. Hofling#, T. Huber-
Loyola*, A. Rastelli®, R. Trotta?
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8. Forschungszentrum Mikrotechnik, FH Vorarlberg, Dornbirn, Austria
9. School of Physics, Southeast University, Nanjing, China
10. PhoQS, CeOPP, and Department of Physics, Paderborn University, Paderborn, Germany
11. Institut fur Physik, Carl von Ossietzky Universitat Oldenburg, Oldenburg, Germany

Semiconductor quantum dots are emerging as one of the most promising sources of
single and entangled photons, thanks to their capability to generate photons on
demand and to tune their emission via strain engineering [1]. Yet, their full potential
has been hindered by limitations such as low extraction efficiency caused by refractive
index mismatch and entanglement degradation linked to intrinsic anisotropies. A major
step forward has been achieved with circular Bragg resonators, which address many
of these challenges by enhancing photon extraction [2]. Building on this concept, we
have developed a device that integrates circular Bragg resonators with a
micromachined piezoelectric actuator [3], enabling active strain control. | will present
the state-of-the-art performance of this device in terms of low multiphoton probability,
fast emission enabled by the Purcell effect, high indistinguishability, and simultaneous
optimization of brightness and entanglement. Already proven useful in entanglement-
based quantum communication protocols [4], this deterministic and tunable entangled
photon emitter constitutes a versatile platform with potential applications across all
areas of quantum photonics, including quantum sensing.

[1] R. Trotta, et al., Physical Review Letters 114(15), 150502 (2015).

[2] J. Liu, et al., Nature Nanotechnology 14(6), 586 (2019).

[3] M. B. Rota, T. M. Krieger, et al. eLight 4, 13 (2024).

[4] A. Laneve, et al., arXiv:2411.12387 (2024), accepted on Nature Communications.



Employing spectrally resolved SPDC as atool in coherent spectroscopy
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In recent decades, quantum entanglement has gained prominence for its potential
in probing fundamental physical laws and transforming photonic applications,
including quantum imaging, metrology, sensing, and computing. The field of
Spectroscopy, particularly nonlinear spectroscopy, is one that stands to benefit
significantly from the use of entangled photons or, more broadly, quantum light.
While early research predominantly focused on two photon-absorption, the
application of quantum entanglement in Raman spectroscopy is starting gathering
attention. [1,2].

In this work, we present our preliminary investigation into the potential of entangled
photons in coherent Raman spectroscopy. For that we are developing an ultrafast,
frequency-resolved Raman technique leveraging entangled photons to probe both
electronic and vibrational coherences.

For that we are taking advantage of the fact that stimulated Raman scattering has
a certain analogy to spontaneous parametric down-conversion (SPDC) generation
in the sense that it generates a pair of photons that sum to a given narrow
frequency. In this sense, a stimulated Raman experiment, where an SPDC source
tuned to the degenerate frequency of the central Raman wavelength is used as a
probe, can be very appropriate. Since
in stimulated Raman spectroscopy the
Stokes signal manifests as  euanged d @ Entangled 2000

photon gain while the anti- 7o i
Stokes signal manifests as /\W e
Raman loss, both processes

contribute to the photon statistics
imbalance and loss of correlation, as -
depicted in Fig. 1.
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Figure 1 —Illustrative diagram of the expected effect(Left). Detected time stacked SPDC (Right)

By exploiting quantum correlations between entangled photons, the acquired
signal can simultaneously achieve high temporal and spectral resolution.

[1] Dorfman KE, Schlawin F, Mukamel S. Stimulated Raman Spectroscopy with
Entangled Light: Enhanced Resolution and Pathway Selection. The Journal of
Physical Chemistry Letters. (2014 Aug).

[2] Zhang, Z., Peng, T., Nie, X. et al. Entangled photons enabled time-frequency-
resolved coherent Raman spectroscopy and applications to electronic coherences
at femtosecond scale. Light Sci Appl 11, 274 (2022).



Quantum state engineering of maximally entangled orbital angular momentum
states via path identity
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Cutting-edge quantum technologies lean on sources of high-dimensional entangled
states (HDES) that reliably prepare high-fidelity target states. The idea to overlap
photon paths from distinct but indistinguishable sources was recently introduced for
the creation of HDES, known as entanglement by path identity [1]. In this regard, the
use of orbital angular momentum (OAM) modes is promising, as they offer a high-
dimensional and discrete Hilbert space to encode information. While entanglement by
path identity with OAM has been verified experimentally [2], a detailed investigation of
how the OAM distribution of photon pairs can be engineered to maximize the
entanglement is lacking. We address this gap and identify an optimal dimensionality
for maximally entangled states (MESs) when the spatial engineering of pump beam
and the path identity approach are combined [3]. Our theoretical study reveals notable
limitations for the fidelity of high-dimensional target states. We also establish the
equivalence of entangled biphoton states pumped by a spatially engineered beam and
generated via path identity.
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Probing photon-number parity via measurements of factorial moments
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Over the last decades, the generation of parametric down-conversion in non-linear
optical waveguides has turned a useful tool for preparing non-classical light. We make
use of the photon pair generation process in a ppKTP waveguide to herald non-
classical optical states in the telecom wavelengths. Specifically, we focus on the
creation of heralded single- and two-photon states. We present a theoretical approach
of evaluating the overall quality of the generated states [1]. For this purpose, we
express the mean photon number and the photon-number parity of the created states
in terms of the coincidence to accidentals ratio (CAR), and the losses in the heralded
and heralding beams. We access the photon-number parity by means of photon
correlation measurements. Then, we compare the experimental results with those from
the theoretical model [2]. We believe our method for reconstructing the photon-number
parity can become a useful sensing tool for quantum information applications in
continuous variables.

References
[1] Borrero Landazabal, Daniel, and Laiho, Kaisa. "Advancing the heralded photon-
number-state characterization by understanding the interplay of experimental

settings." New Journal of Physics 27.6 (2025): 064103.

[2] Borrero Landazabal, Daniel, and Laiho, Kaisa. "Validating the calibrated creation of
heralded single photons." Manuscript in preparation.



106888 ™ (Of*+), — " $(L0L8-")-)1 ™) 1 23)4+ " 4-0)58*)/ " 6++ , #+6)" <~ " 4)
1'B%8 " & (M B U , - . UM/ HO 1. 3V A 513 . & (PG 6 (8 789" WA - 1t &(8%( .
LEUHSHE MO (¢, St )L B24 $H) 34" ((45)67.18-)9136:0) 1 HBHE "4(0) 1 $H5" (/)

YVUHBHE T HO* (¢, St AL A BTN =7 T (18)347 (A5)>/-.$5-)91=" 3>:0) 1HSK& () 1 5" (/)

<8&-=1(&, &.9=H>N8 1. "8I&TI&"# 28U =# —(&F %> " 0=+ — .# &=9- ; 1=8& "# =0(-I&3@% (¥
=28 7Y(=T%70¢ >198¢ B1- 91 , # 1380)¢ &=P&7I-H@# No(£ 98&4 , 27 ). A(~ (& # D<EBFt >-G&& . 398¢
(831, &'tHB8=8# , &-=1(& , & . 9=H—(8HU6MI&. . # 5 —=8& " #% # . % 1) &— (1. 9&(A&(% , &O&(="4E - #=178¢
=0=98. , =)i-H(=H=01 (78438 . &(-98=H-HA(&BLE& . 7@ %.C" &:3& . &(-984?8%Mb 42 -2(4>081=9(%.. 3¢
A(&BL&.. 7TRHT((& % ="¢ I - &% . #IH8&E? (% ; & JHI=HT &, . 9(& " #-U—#>—G&& . 398HB-YHI=1obht
. 9&(8=YA(H=& . =] 3)>BLEHISKIUIBE.(F?8Yi0N% . #IHIBEH=)3 . —H JH=0=t~Y—#>-G&:&, . 398HI8—Yh)=H
8- =0496¢ ™ &I&TYHAOE(H) . 98&(~ 790% . H6AIB &P (% ; &E>1084— . 10L& T . " &(H&=0)H8&?8YMN% . =4 (&
79L& BV —=8 7% . " #=U01 (78)¥>B&(EHTUBE(& - 32 A6( , —9% . #9(~ . =A&(EAC% , H2(UG&HHE=13 . —##
0771 (="HKU9BE%19P 1396449884 . 9& (A&(% , BI&()% . 10HIBEA=I3 . ~+#2BY0N% . Hi=¢" BI&TI& " "t

M2=0%(27 —+@)# 98&(&F — (& =% 2P (%—T8&=H W6t % 10 &—(# 2. 9&(A&(% , &I(QW K(=%@)¢ = ODP)PF
. 9&(AB(% ,, RI(@HOPR) >B&(&H ; %98HP (% ; &b~ . "#=13 . 28U . =t (&¥=8& . 3I8(%13898&+=87%. "4
=061 (78S=87%.. "10)H. " 178" $7%8&(& . T8ADEAF). 08 (A% ., &I(@HTR)F>B&(&% . 1@#98&AP (% ; &dl=
TOhL 46" 6k 98&H =8 7% . "# =% (784 >BL&H 98&H =13 . —+=F A% , #K(=0% — . "H =& 7% "# =01 (7& (&
)98 (AB(& "= HEUBG( . 3 &= , #=PHO0& (" 1 1(98&( , %(&)H] - HPNT —HT%B&(& . T8 , %3(-?804
DI AHFH98&(&F - (849U , 8-=1(& , &.% , %" &=) . — , &i@FN , &C"% , —0.# N AH)E>88(&4=13 . -4
2860% . =# — (&4 7L . 9& " # —=#AL . T9%. #O6KE —#00 , & " &i—@f— . "# VBL(&(C"% , ~1-# | AH)¥ >B8&(8&¢ -+
=2879(1 , HAIB8H=I3 . —HI=H(&T( " & " A%(1% . &HIU& "49) , &¥" &i— @'t

V/&4=01 " 0#98&=84=0=0& , =#].# -#=EI1PHI8—Y¥I=t ; —=& "#%.# "1=28& (=% . #& . 31 &&(& #3127 &"C
>—_G&H?— (= , &I(QTH %> . CT%. G&(=h . =01 (7&=#%28&(-%0. 34 -% (%1 . “WXY . , #D=I3 . —Ft— . "
PZYY . , #02(%; &F' /&N . " 198 -HEAH0I8+ " =H; &N&(E , &—=1(& , &. H(&="%+19% 11 | AHE>198% 1%
" 9 #P%=002(UT&==D. 3" L A" "0 A, &C % , —1_# N AHE-+U>=EL=HUH& " 17871 , PHPU>& (=
006¢ A&># 98 . =# Ok [\/# ONR'Y E. % —" "190%. )¢ >8N&# - ODP)PF¥ 8-=# —# +—(3&(¢ B1- .91 , # VI=8& (¢
1. A0%( , ~S0% . EAH=H =3 . T — . HOESY(=EAZRIME . T&E>&ATY . 7+1 " &HS U0 , &C™% , —1. 41 AHY
) HEAE(&=& . 0=t— . 16200 , —H(1988%>—("=H.9&3(~9& " #B1- .91 , # | AH=& . =Yo(="t¢

#

704)BO)DAES)$.)"'F0) 1=/-0)G$,0H) ! 10) 1IKK)IQLMN:)
VHPOQ)R" (2)$.)"F0) 1=/-0)GS$,OH)""""0) IN@ 1)9@LLE:)
KA)S)G " $HSH)$.)"'F0) " T+, IOVIMLIVKOJI)I0IOV:)
MAWE)X ™ 448)$.)"HD) 4SS ™4™ (1) "¢



Spatial Mode Demultiplexing for Super-Resolution Imaging

Jakob Budde®, Giacomo Sorelli*
'Fraunhofer Institute of Optronics, System Technologies and Image Exploitation,

Gutleuthausstr. 1, 76275 Ettlingen, Germany

The resolution of imaging systems involving a camera and lens system, referred to
as direct imaging, is limited by diffraction. In fluorescence microscopy, techniques
like stimulated emission depletion can be used to improve beyond the diffraction limit
[1]. However, as they require interaction with the observed object, which may
damage the sample, they are only applicable in certain cases. For some objects, e.g.
in astronomy, active techniques are entirely impossible. Hence, there is a need for
passive super-resolution imaging methods.

Analyzing the task of
Spatial Light Modulator estimating the distance

between two point-
- l - l sources in the
framework of quantum

Sl parameter estimation

HG10
+
HG01

+ RN shows that the ultimate
HGoo measurement precision
is independent of the
Figure 1: Visualization of spatial mode demultiplexing source separation [2]-
with multi-plane light conversion. The corresponding

optimal measurement
consists out of intensity measurements in a spatial mode basis. Such a
demultiplexing measurement can be practically implemented through multiplane light
conversion (MPLC) [3].
In these practical implementations, the presence of noise and crosstalk between

measurement modes limits the estimation performance. Nevertheless, it has been
shown that an improvement beyond direct imaging is always possible [4].

To adapt to different input scenarios, a flexible implementation of MPLC is required.
To achieve this, we use multiple bounces on a spatial light modulator (SLM) as
shown in Figure 1. At each spot a phase mask is displayed on the SLM that
combined with free space propagation applies a unitary transformation to the
incoming light [3].
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A Single Plane Sorter For Quantum Sensing and Applications

Khen Cohen, Yoav Yosif-Or, Yaron Oz, Ady Arie
Tel Aviv University, Tel Aviv, Israel

A spatial mode sorter has emerged as a powerful resource for quantum technologies, enabling
enhanced sensitivity, resolution, and information capacity [1,2]. We present a compact and
analytically designed optical element that can discriminate and manipulate a broad set of
orthogonal spatial modes of light, including Hermite—Gaussian, Laguerre—Gaussian, and Bessel—
Gaussian families, with negligible cross-talk. This universal mode sorter provides a flexible
interface between free-space and guided-wave photonic systems, supporting applications in
guantum sensing and quantum information processing.

By exploiting the ability to resolve light in multiple spatial-mode bases, we demonstrate how
such a device can be employed for precision metrology beyond the classical diffraction limit, for
instance in super-resolution imaging using Hermite—Gaussian modes. Furthermore, operation in
mutually unbiased mode bases enables novel measurement strategies relevant for high-
dimensional quantum key distribution and adaptive sensing. The same principle can be used in
reverse to generate tailored quantum states of light or to efficiently couple structured quantum
light into integrated photonic circuits and fiber networks—key functionalities for scalable
guantum sensing platforms.

The presented results establish a path toward mode-resolved quantum measurement
architectures that unify spatial-mode engineering, quantum state preparation, and quantum-
limited detection within a single optical component.

[1] M. Mirhosseini et al., Nat. Commun. 4, 2781 (2013).
[2] A. Forbes, M. de Oliveira, and M. R. Dennis, Nat. Photonics 15, 253—-262 (2021).
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Schrodinger Cat States (SCS) are valuable non-Gaussian resources for quantum information
processing, particularly in fault-tolerant quantum computation and quantum-enhanced phase
estimation [1,2]. Although the preparation of SCS has been proposed in various schemes e.g.,
photon subtraction [3] and its variations [4,5], it remains experimentally challenging. When
engineering SCS through photon subtraction with experimentally available resources, two main
limitations persist: (I) the fidelity decreases rapidly with the size of the cat state and (II) the
success probability of generating higher o cat states reduces significantly with the number of
subtracted photons.

Here, we propose a scheme that alternates single-mode squeezing and photon-number sub-
traction operations, effectively forming a nonlinear interferometer. By conditioning on photon-
number measurements in the subtraction arms, we introduce non-Gaussianity in the output state.
We analytically analyze the resulting state evolution and performance metrics. The approach
yields novel quantum state structures and facilitates the generation of larger and higher-fidelity
SCS with enhanced success probabilities over previous techniques. We investigate the trade-
offs between fidelity and experimental success probability, and analyze the sensitivity of the
output states to deviations in key experimental parameters, emphasizing the scheme’s tunability
and practical implementation advantages.
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Figure 1: Setup of our proposed photon subtraction scheme. The scheme involves alternating squeezing
S(&1),8(&) and photon subtraction operations implemented as a beamsplitter and photon number resolved de-
tection of N| and N, photons. Here, we present the case of two squeezers and two photon subtraction stages.
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A Generalized Framework for Hong-Ou-Mandel Interferometry and its

Applications to Quantum Metrology
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L aboratoire Matériaux et Phénoménes Quantiques,
Université Paris Cité, CNRS UMR 7162, 75013, Paris, France
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The Hong-Ou-Mandel (HOM) effect, originally consider for two photons, has proven to be a
cornerstone in quantum metrology. While numerous extensions exist, they often lack a unified
theoretical perspective that accounts for their metrological implications. In this work, we present
a framework that generalizes the HOM effect and connects it to precision measurement.

Our approach is built upon the idea that the symmetry of the input quantum state under the
exchange of spatial modes is the fundamental feature in HOM effect [1]. Starting from this prin-
ciple, we first extend the standard HOM effect to multi-photon scenarios. We demonstrate that
by characterizing the symmetry of the input states, one can predict and control interference
effects analogous to HOM. Building on this, we explore higher-order generalizations involv-
ing multi-mode interferometers [2]. By considering the rotational symmetry of the modes, we
establish a generalized framework that reveals new interference phenomena. Crucially, our
formalism maintains a metrological focus throughout, allowing us to derive explicit expressions
for the achievable precision in parameter estimation tasks.
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FIG. 1. Schematics of the HOM interferometer.
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Multiparameter estimation for sub-Rayleigh resolution of two
incoherent sources

Tanguy Favin-Lévéque, Antonin Grateau, Alexander Boeschoten, Isael Herrera,
Nicolas Treps

Laboratoire Kastler Brossel, Sorbonne Université, ENS-Université PSL, CNRS,
College de France

It was long believed that image resolution in optics was limited by the Rayleigh curse,
which states that one cannot resolve two incoherent point sources separated by less
than ~1.22 lambda/D, where D is the size of the imaging system. However, quantum
estimation theory shows that it is possible to find a measurement system that would
surpass the Rayleigh limit. This result comes from the calculation of the Quantum
Fisher Information (QFI), that corresponds to the best information one can extract
from an input state by optimizing over every measurement system.

In our experiment at LKB, we aim at demonstrating the applicative potential of
guantum superresolution and establishing an experimental verification of the former
theoretical result. To do so, we construct a scene composed of two thermal light
sources, characterized by 3 parameters: their separation d, their centroid xc and their
power imbalance p.

We use a spatial demultiplexer (SPADE), which projects the image over the first
spatial Hermite-Gauss modes. The SPADE output channels are connected to
photodetectors. This measurement setup is theoretically expected to achieve the QFlI
at very short d.

We implement multi parameter estimation from experimental data, using state of the
art approaches such as likelihood or Bayesian to estimate all the parameters in one
shot without prior knowledge. The sensitivity of the estimation is compared with
theoretical bounds of classical and quantum Fisher Information.

Tsang, M. et al. (2016). Quantum theory of superresolution for two incoherent optical point sources. Physical Review X,
6(3), 031033.

Rouviere, C. et al. (2024). Ultra-sensitive separation estimation of optical sources. Optica, 11(2), 166-170.

Sorelli, G. et al. (2021). Optimal observables and estimators for practical superresolution imaging. Physical Review
Letters, 127(12), 123604.

Rehacek, J. et al. (2018). Optimal measurements for quantum spatial superresolution. Physical review A, 98(1), 012103.
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The Marietta Blau Optical Ground Station
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The University of Innsbruck has recently established a quantum optical ground
station at 2300 meters altitude on the mountain top Hafelekar next to the city of
Innsbruck. The Marietta-Blau Optical Ground station houses a 1 meter optical
aperture Ritchey-Chrétien telescope, which is capable of tracking satellites in low
earth orbit. Additionally, the telescope allows the acquisition of targets at and below
the horizon. This features makes Marietta Blau one of the few optical ground
stations which lend themselves not only to satellite experiments but also to terrestria
trials between mountain tops. Equipped with modern quantum optical instruments,
the ground station will be an ideal test bed for remote sensing applications, such as
quantum LIDARs [1] and quantum rangefinding [2-3].

[1] Torromé, R. G., & Barzanjeh, S. (2024). Advances in quantum radar and quantum LiDAR.
Progress in Quantum Electronics, 93, 100497.

[2] Frick, S., McMillan, A., & Rarity, J. (2020). Quantum rangefinding. Optics Express,
28(25), 37118-37128.

[3] Nardi, B., Thiel, H., Frick, S., & Weihs, G. (2025). Bragg-reflection waveguides as
practical photon-pair sources for quantum rangefinding. Journal of Lightwave Technology.
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Mid-infrared quantum spectroscopy with undetected photons in a dispersion
engineered integrated SU(1,1) interferometer

A. Gnanavel'?, F. Roeder'?, R. Pollmann'?, O. Brecht?, L. Padberg'?,
C. Eigner?, B. Brecht'? and C. Silberhorn'-2

1 University of Paderborn, Integrated Quantum Optics (IQO), Paderborn, Germany
2 Institute for Photonic Quantum Systems (PhoQS), Paderborn, Germany

Mid-infrared (MIR) spectroscopy is an important tool for sample characterization and
environmental monitoring, e.g., for detecting greenhouse gases. However,
measurements in the MIR regime at low light levels are limited by the lack of high-
performance MIR detector. This challenge is addressed by measurements with
undetected photons in an SU(1,1) interferometer [1,2]. In contrast to previous work, we
focus on integration via waveguides, which is a crucial step for practical quantum
technologies, as it enables compact, robust devices with high brightness [3].

We employ a second-order dispersion-engineered, periodically poled Ti:LiNbOs
waveguide PDC that generates ultra-broadband, highly frequency non-degenerate
biphotons. The source is pumped with a cw diode-laser at 646nm, and generates
photons with central wavelengths of 860nm and 2800nm. Thanks to the dispersion
engineering, the source bandwidth exceeds 25THz, while the high brightness
facilitates pump powers of a few mW down to tens of yW [4]. Using this source in an
SU(1,1) interferometer, the transmission of an object under test at the undetected
wavelength — the MIR - is evaluated by measuring the visibility of spectral
interferograms in the short-wave NIR regime. We characterize the MIR absorption of
UV fused silica for different amounts of material and show good agreement with theory.
Further, we benchmark the performance of the SU(1,1) interferometer by evaluating
temporal interferograms measured with off-the-shelf single photon APDs. The results
indicate that dispersion engineering, especially the control over the group-velocity
dispersion of the generated photons, improves system performance. Our results
highlight possible pathways towards miniaturized and cost-effective MIR sensors for
future application.
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Low photon number non-invasive imaging through
time-varying diffusers
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In optical imaging, scattering disrupts the orderly propagation of light, producing com-
plex image distortions and reducing the overall signal that reaches the detector. Additionally,
a number of scattering media, such as biological tissue or clouds, are dynamic, meaning
they change over time, leading to irreversible loss of information about the object hidden
behind them. This can be countered with fast detection (short frames), although this results
in reduced signal, which causes existing non-invasive imaging methods[1, 2] to fail under
such conditions.

In our work, we extend these methods to include dynamic scatterers. We demonstrate
non-invasive imaging of fluorescent objects hidden behind dynamic diffusers in a low-light
regime, with detection levels of approximately one photon per pixel per frame. Our recon-
struction uses a stack of images recorded for different diffuser realizations. Looking ahead,
we plan to extend this approach by using a single-photon time-tagging camera, enabling
continuous rather than frame-based acquisition of the signal transmitted through the dy-

namic diffuser.
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Certifying high dimensional quantum entanglement with a time-
stamping camera
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High-dimensional entanglement is a promising resource for quantum technologies [1],[2].
Being able to certify it for any quantum state is essential. However, to date, experimental
entanglement certification methods are imperfect and leave some loopholes open, due to
the necessity of accidentals subtraction [3],[4]. We present here experimental results
showing that high dimensional entanglement certification can be obtained without
accidentals subtraction and with relatively short acquisitions (16 seconds) by making use
of a single-photon-sensitive time-stamping Tpx3Cam camera. More precisely, we
measure position-momentum Einstein-Podolsky-Rosen (EPR) [5] correlations in pairs of
photons generated by Spontaneous Parametric Down Conversion (SPDC) by collecting
all spatial output modes simultaneously. In this preliminary setup we obtain an EPR factor
of 0.13 < 1/2, which allows us to certify entanglement.
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Mid-infrared sensing with undetected photons
employing a high-gain nonlinear interferometer
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Mid-infrared (MIR) spectroscopy and interferometry enable the analysis of fundamental
molecular vibrations and enhanced depth profiling, respectively. Nevertheless, MIR light
sources and photodetectors still exhibit limited performance compared with their
counterparts operating in the visible and near-infrared regions. * Und e t-gpltd tean s ”
techniques [1-6] enable MIR measurements using visible or near-infrared light sources
andphotodetectors. Todate, thistechnique hasbeendemonstratedinthelow-gainregime,
where the mean photon numbers per mode are less than one.

In this work, we develop a high-gain nonlinear interferometer and experimentally
demonstrate MIR sensing with undetected photons [7,8]. This approach is characterized
by strong parametric amplification in the nonlinear interferometer, enabling noninvasive
probing of the sample with a weak idler beam while providing a sufficiently strong signal
beam that can be reliably detected by a photodetector with moderate sensitivity. As a
proof-of-principle demonstration, we perform Fourier-transform MIR spectroscopy to
measuretheabsorptionspectraofpolymers,andMIRlow-coherencetomographytoprobe
samples’ depth profiles.
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Using quantum sensing to provide physical layer security
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Physical-layer eavesdropping poses a huge challenge to the security of preex-
isting communication networks. Here, we investigate the use of two-photon inter-
ference, namely the Hong-Ou-Mandel effect [1], to provide physical-layer security
in optical communication networks [2]. Crucially, the HOM interference visibility is
highly sensitive to the indistinguishability of the input photons. However, in the pres-
ence of environmental noise, and potentially also an Eavesdropper (Eve), this indis-
tinguishability can be compromised. In this way, the HOM effect has the potential to
act as a sensor for eavesdropping. Our work aims to theoretically model the sensor
operation under the action of an eavesdropper (Eve) and other noise sources. We
first consider an attack where Eve exploits optical losses to avoid detection, and
analyse the impact of such an attack on the interference visibility, alongside Eve’s
potential information gain. Additionally, we also begin to characterise the impact
of other noise sources on the interference visibility since this has the potential to
obscure Eve’s presence. By analysing changes in the HOM interference visibility,
we aim to show how continuous monitoring can be used to detect and prevent such

physical-layer eavesdropping attacks.
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Real-time Quantum Optical Correlation Shaping
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Since the early days of quantum optics, correlations between photon pairs generated
by spontaneous parametric down-conversion (SPDC) have underpinned a wide
range of experiments [1, 2]. Harnessing these correlations for a specific task de-
mands fine-grained control over their structure, which is often technically challenging
[3]. We introduced an approach to shape the spatial correlations of entangled
photons so they realize arbitrary amplitude and phase patterns [4]. In this scheme,
the image is carried exclusively by two-photon correlations and remains invisible in
standard intensity measurements. This capability enables the transport of complex
information via quantum correlations of these photons.

To enhance the encryption capability, shorten acquisition times, and enable film-like
series, we extend the scheme by rapidly modulating the pump beam with a digital
micromirror device (DMD) and by acquiring data with ultra-fast time-stamping single-
photon camera (TPX3CAM). With this encoding and readout speed, we record the
first photon-pair correlation movie. To further shorten the acquisition time, we also
explore machine-learning-based reconstruction, which could eventually open the
door to all-optical machine learning.!
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