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1 What is GDR TEQ ?

1.1 A CNRS “Research Network” on Quantum Technologies

The acronym GDR TEQ stands for "Groupement de Recherche Technologies Quantiques”. It
is a research network supported by the Centre National de la Recherche Scientifique (CNRS! GDR n°2149)
through the CNRS Physics 2, CNRS Engineering 3, CNRS Mathematics* and CNRS Computer Science?).

The goal of the GDR TEQ is to bring together the French community whose research activities fall within
the broad spectrum of quantum technologies, ranging from physics to computer science, mathematics or
chemistry. The GDR TeQ encompasses all the different types of physical support for quantum information,
such as photons, trapped atoms and ions, quantum dots and point defects at the solid state, superconducting
circuits, hybrid quantum systems... In particular, its scientific perimeter combines theoretical and experimen-
tal developments, including both very exploratory aspects and engineering aspects on mature technologies.
The GDR TEQ network gathers more than 1000 researchers spread over ~100 French laboratories.

GDR TEQ is organized along six research axes (ART %) that currently underlie the development of
quantum technologies all around the world, in particular within the European Quantum Flagship project
and the French Quantum Plan :

— QUANTUM COMMUNICATION & CRYPTOGRAPHY — QCOM,

— QUANTUM SENSING & METROLOGY — QMET,

— QUANTUM PROCESSING, ALGORITHMS, & COMPUTATION — QPAC,

— QUANTUM SIMULATION — QSIM,

— FUNDAMENTAL QUANTUM ASPECTS — FQA,

— TRANSVERSE ENGINEERING AND METHODS — TEM.
More details on these research axes are provided on the GDR TEQ webpage : https://gdr-teq.cnrs.fr/.

1.2 Scientific Committee of the GDR TEQ

Audrey Bienfait (CNRS, ENS Lyon),

Juliette Billy (LCAR Toulouse),

Cyril Branciard (CNRS, Institut Néel Grenoble),

Anals Dréau (CNRS, Laboratoire Charles Coulomb Montpellier),
Jean Etesse (CNRS, Institut de Physique de Nice),
Omar Fawzi (INRIA, LIP Lyon),

Michele Filippone (CEA Grenoble),

Hanna Le Jeannic (CNRS, Laboratoire Kastler Brossel),
Anthony Leverrier (INRIA Paris),

Damian Markham (CNRS, LIP6 Paris),

Alexei Ourjoumtsev (CNRS, Collége de France),
Sylvain Ravets (CNRS, C2N Palaiseau),

Matias Urdampilleta (CNRS, Institut Néel Grenoble),
Jérémie Viennot (CNRS, Institut Néel Grenoble),
Christophe Vuillot (INRIA, LORIA),

Mattia Walschaers (CNRS, LKB Paris).

. http ://www.cnrs.fr/

. https ://www.inp.cnrs.fr

https ://www.insis.cnrs.fr

https ://www.insmi.cnrs.fr

. https ://www.ins2i.cnrs.fr

. In French : Axes de Recherche Thématiques.
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2 TEQ#3 Colloquium — Scientific Information

2.1 Welcome!

TEQ#-3 is organized by the GDR TEQ Scientific Committee and by the Institut Néel 7.

Its main goal is to gather members of various communities involved in Quantum Technologies and to foster
exchanges about the latest advances in the field. The colloquium will feature four types of presentations :

— 3 tutorial talks (50’410’ discussion), providing the participants with a clear and pedagogical pers-
pective on significant recent advances in specific branches of fundamental and applied research in the
field,

— 4 invited talks (25’45’ discussion) on results that struck the most the scientific committee during the
past year;

— 30 contributed talks (15’45’ discussion), representative of the different themes of GDR TEQ and
selected among the 122 contributions received by the scientific committee for their scientific quality
and for their general interest ;

— 92 contributed posters, presented during two poster sessions according to their theme.

You will find in this book the abstracts of all of these contributions.

We would like to express our warmest thanks to the CNRS, University Grenoble Alps, the Institut Néel
and all our sponsors for their support in enabling us to organize the TEQ#3 colloquium.

We wish all the 200 participants a fruitful colloquium.
On behalf of GDR TEQ’s Scientific Committee,

The organizers :

Cyril BRANCIARD (CNRS scientist, Institut Néel),

Michele FiLIPPONE (CEA scientist, IRIG),

Matias URDAMPILLETA (CNRS scientist, Institut Néel),

Jérémie VIENNOT (CNRS scientist, Institut Néel),

Alyssa ARNOUD (CNRS admin, Institut Néel),

Anna KUNIKOWSKA (CNRS admin, Institut Néel),

Angélique S1iMoREs (CNRS admin, Institut Néel),

Florence FERNANDEZ (CNRS admin, Institut Néel),

Anais DREAU (CNRS researcher, L2C, Director of GDR TEQ),

Alexei OURJOUMTSEV (CNRS, Collége de France & Deputy Director of GDR TEQ).

7. https ://neel.cnrs.fr/



2.2 Program of the colloquium

Wednesday, Nov. 12

Thursday, Nov. 13

Friday, Nov. 14

09:00 - 09:40: V. Vilasini - Invited (FQA)
Quantum causality meets spacetime

09:00 - 10:00: Alexei Ourjoumtsev - Tutorial (QCOM)
Non-linear quantum optics

09:40 - 10:00: Uta Meyer - Robustly self-testing all
maximally entangled states in every finite dimension

10:00 - 10:20: Xiangling Xu - Quantitative quantum

10:15 - 10:45
Welcome Coffee

/ for all mul tite c

ip I games

10:00 - 10:20: Kiara Hansenne - No quantum advantage
without classical communication: fundamental limitations of
quantum networks

10:20 - 10:40: Romaric Journet - Iterative generation of free-
propagating superposition of coherent states of light using a
quantum memory cavity

10:20 - 10:40: Hugo Jacinto - Network Requirements for
Distributed Quantum Computation

10:45 - 11:10
Opening session

10:40 - 11:00: David Theidel - Certifiying Non-Classicality of
High-Harmonic Generation in Semiconductors

10:40 - 11:10

11:10 - 12:10: Andreas Wallraff - Tutorial (QPAC)
Superconducting circuits

11:00 - 11:30
Coffee break

Coffee break

11:10 - 11:30: Enky Oudot - Long-distance device-
independent quantum key distribution

11:30 - 11:50: Carlos De Gois - Overlapping tomography of
fermionic simulators

11:30 - 11:50: Yoann Piétri - High-Performance Heterodyne
Receiver for Quantum Information Processing in a Laser
Written Integrated Photonic Platform

11:50 - 12:10: Jean-Samuel Tettekpoe - Coherence Limits in
Interference-Based cos(2phi) Qubits

11:50 - 12:10: Abel Hugot - Approaching optimal microwave-
acoustic transduction on lithium niobate using SQUID arrays

12:10 - 12:30: Lucas Ruela - High fidelity at high power and
suppression of measurement induced state transitions in
transmon readout using a non-linear coupling

12:10 - 12:30: Baptiste Carles - Experimental quantum
reservoir computing with a circuit quantum electrodynamics
system

12:10 - 12:30: Lorenzo Lazzari - Biphoton state generation
and engineering with hybrid IlI-V/Silicon photonic devices

12:30 - 14:00
Lunch break

12:30 - 14:00
Lunch break

12:30 - 14:00
Lunch break

14:00 - 14:40: André Chailloux - Invited (QPAC)
Quantum Algorithms Inspired by Regev’s Reduction

14:00 - 14:40: Alberto Amo - Invited (QSIM)
Topology and noise in networks of photonic unitary
operators

14:40 - 15:00: Andreas Bluhm - Efficient learning and
simulation of quantum continuous variable systems

14:40 - 15:00: Alessandro Zecchetto - High-dimensional
entanglement and topological protection in nonlinear
waveguide arrays

14:00 - 15:00: Maria Chekhova - Tutorial (TEM)
Quantum measurement through parametric amplification

15:00 - 15:20: Paul Hermouet - On the Quantum Equivalence
between S|LWE) and ISIS

15:20 - 15:40: Sami Abdul Sater - Verification of Universal

15:00 - 15:20: Eloi Flament - Unitary Transformations using
Robust Optimal Control on a Cold Atom Qudit

15:00 - 15:20: Hani Naim - High-performance solid-state
quantum memory in a low-vibration in-house built cryostat

Quantum Computations with single-qubit Pauli
measurements

15:40 - 16:10

15:20 - 15:50
Coffee break

15:20 - 15:40: Antoine Covolo - Protecting collective qubits
from non-Markovian dephasing

Coffee break

15:50 - 16:30: Franck Pereira Dos Santos - Invited (QMET)

15:40 - 16:10
Closing session

Measuring short range forces with quectonewton stability

16:10 - 17:10: Nathan Goldman - Tutorial (QSIM)
Quantum geometry, dichroism and sum rules

16:30 - 16:50: Ali Moshiri - Deterministic nuclear spin
squeezing and squeezing by continuous measurement using
vector and tensor light shifts

16:50 - 17:10: Emilio Annoni - Optimal characterization of
multi-photon distinguishability

17:10 - 17:30: Young Aurore - Non-destructive optical read-
out and manipulation of circular Rydberg atoms

17:30 - 19:30
Poster session

17:10 - 19:00
Poster session

19:00 - ...
Banquet + After party

QPAC Qasim

QMET

VI

Qcom TEM



3 TEQ#3 Colloquium — Practical Information

3.1 Venue

The colloquium (oral and poster sessions, breaks and meals) will take place in

Maison Minatec
3 parvis Louis Néel, 38000 Grenoble.

Please have your bags ready for security inspection. Once passed the security check, you will find the entrance
for the Palladium amphitheatre.

PLAN D'ACCES 7~

0 Maison MINATEC

LYON
VALENCE

N481 Sortie 16
Grenoble Gares
Europole
Polygone Scientifique

A480 Sortie 2

Fontaine Centre
Grenoble Gares

Europole m

CHAMBERY
GAP
SISTERON
MAISON MINATEC :
3 Parvis Louis Néel, 38054 Grenoble .
A PIED : Depuis la gare, prendre lepassage souterrain,
) COORDONNEES GPS : puis rejoindre Favenue du Doyen Louis Weil et traverser le
@ Latitude :45.195807222 Longitude : 5.7096947222 Parvis Louis Néel

SE GARER : EN TRANSPORTS EN COMMUN : Prendre
m Parking privé DoyenWeil @ Europole Gare parking garage B Ia ligne B du Tramway direction Grenoble Presquiile, puis
550 m /7 mn & pied

400 m /5 mn a pied descendre a I'arrét Cité internationale

EN VOITURE : Depuis Lyon Valence  prendre Ia EN TRAIN : Descendre s gare SNCF de Grenable

EETRED """r‘ dela u?szPE”::‘ traverser e 5"";1"'0"‘“"- Prendre ensuite le tramway (5 min). L'accés peut également
SLEpMECece (P UEETIRC BTG se faire 4 pied (10 min), ou en taxi (5 min)

Depuis Chambéry Gap Sisteron : Sortie n°2 de la A480 puis
suivre direction MINATEC par la rue Félix Esclangon EN AVION : MINATEC est 4 30 minutes de voiture
. de I'aéroport Grenoble-lsére, 4 50 min de I'aéroport Lyon

® ® @ Accés piéton par le Parvis Louis Néel Saint- Exupéry, et 1h30 de 'aéroport Genéve Cointrin

The maximal format for posters is A0, portrait orientation. Posters submitted to QSIM, QPAC, and
QMET themes will be presented on Wednesday 12 November 2023, 17 :30-19 :30. Posters submitted to
FQA, QCOM and TEM themes will be presented on Thursday 12 November 2023, 17 :10-19 :00.

Getting to the colloquium

The Maison Minatec is located at the tram B station Cité internationale. It can be accessed from the
main train station via the tram B or from the Lyon Saint Exupery airport by a bus shuttle to "Oxford" stop
followed by tram B.
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4 Host institution & sponsors of the colloquium

4.1 Parent institution

The Centre National de la Recherche Scientifique (CNRS) is an interdisciplinary public
research organisation under the administrative supervision of the French Ministry of
Higher Education, Research, and Innovation (MESRI). The CNRS chooses to pursue
research excellence that explores natural and social phenomena in greater depth, in an
effort to push back the frontiers of knowledge.

The research network “Quantum Technologies” (GdR TeQ) is linked to and supported
by CNRS Physics. CNRS Physics’s research themes relate to the fundamental laws of
physics, understanding radiation, matter, and their interactions. Those studies come
with two main motivations : understanding the world, and answering current societal
challenges.

The GdR TeQ also benefits from secondary support from the CNRS Engineering, CNRS
Mathematics and CNRS Computer Science.

4.2 Institutionnal support

FEL

institut

UGA

Université
Grenoble Alpes

The Néel Institute (Institut Néel) is a leading French research center in condensed
matter physics, located in Grenoble and operating under the CNRS in association with
Université Grenoble Alpes. It conducts fundamental and applied research on the physical
properties of materials, spanning quantum phenomena, magnetism, superconductivity,
nanoscience, and quantum technologies. Created in 2007 from the merger of several long-
established CNRS laboratories, the institute unites a large multidisciplinary community
of researchers, engineers, and students, combining theory, advanced experiments, and
technological development. It also plays an active role in education and innovation,
collaborating closely with academic and industrial partners in France and abroad.

Université Grenoble Alpes (UGA) is one of France’s leading research universities, lo-
cated in Grenoble. It brings together a wide range of disciplines across science, engi-
neering, medicine, humanities, and social sciences. UGA is known for its strong focus
on research and innovation, hosting numerous national laboratories in partnership with
organizations such as CNRS, CEA, and INRIA. The university plays a central role in
Grenoble’s internationally recognized ecosystem for advanced technologies, particularly
in microelectronics, materials science, and quantum research.

CEA (Commissariat a I'Energie Atomique et aux Energies Alternatives) is a leading
French public research organization focused on energy, defense, information technolo-
gies, and health. It conducts both fundamental and applied research, supporting inno-
vation from basic science to industrial applications. The CEA plays a central role in
developing technologies for nuclear and renewable energy, microelectronics, materials
science, and quantum technologies. With strong collaborations across academia and
industry, it is a key actor in France’s scientific and technological landscape.

VIII
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QuanTAlps (Quantum Technologies Alpes) is a research federation based in Grenoble,
France, dedicated to advancing quantum science and technology. It brings together aca-
demic and industrial partners — including the CNRS, Université Grenoble Alpes, CEA,
and INRIA — to coordinate research in quantum materials, quantum communication,
quantum computing, and quantum sensing. The initiative supports collaboration, sha-
red infrastructure, and innovation to strengthen the regional and national quantum
ecosystem within the French and European quantum strategy.

QuanTEdu-France, led by Université Grenoble Alpes, brings together a consortium of
21 academic institutions nationwide, professionals in initial and continuing education,
and players in industry and innovation. QuanTEdu-France aims to meet the objectives
set out in the national strategy for quantum technologies, as part of a drive to accele-
rate the development of skills and human capital. QuanTEdu-France is implementing
concrete actions to meet the growing need for quantum technology skills among engi-
neers, researchers, teacher-researchers and professors, technicians and managers, while
consolidating interactions between academics, researchers and local and national eco-
nomic players. Indeed, the emergence of new professions encouraged by the national
quantum strategy, such as quantum engineer-doctors, calls for in-depth reflection on
the teaching methods to be adopted. These methods preserve the generalist nature of
disciplinary and fundamental teaching, while promoting interdisciplinarity, a spirit of
innovation and integration into the job market.

Inria (Institut National de Recherche en Informatique et en Automatique) is the French
national research institute dedicated to computer science, applied mathematics, and di-
gital technologies. It focuses on both fundamental research and technological innovation,
often in collaboration with universities and industry. Inria’s teams develop cutting-edge
work in areas such as algorithms, artificial intelligence, data science, cybersecurity, and
quantum computing. Through its interdisciplinary approach and partnerships, Inria
plays a key role in advancing France’s and Europe’s digital and technological competi-
tiveness.

Alice & Bob is a quantum computing company based in Paris and Boston whose goal is
to create the first universal, fault-tolerant quantum computer. Founded in 2020, Alice
& Bob has already raised €130 million in funding, hired over 140 employees and de-
monstrated experimental results surpassing those of technology giants such as Google
or IBM. Alice & Bob specializes in cat qubits, a pioneering technology developed by
the company’s founders and later adopted by Amazon. Demonstrating the power of
its cat architecture, Alice & Bob recently showed that it could reduce the hardware
requirements for building a useful large-scale quantum computer by up to 200 times
compared with competing approaches. Alice & Bob cat qubit is available for anyone to
test through cloud access.

IX



= VIDEN

(QUANDELA

e QuantumDesign
EUROPE

OPTON LASER

Eviden, a leader in advanced digital technologies, offers Qaptiva™, a comprehensive and
modular quantum computing solution. This full-stack offering includes on-premises emu-
lation appliances, a powerful programming platform, HPC-cluster emulation software,
expert consulting, and a free starter toolkit. Designed to be fully hardware-agnostic,
Qaptiva™ enables users to develop, optimize, emulate, and run quantum applications
across a wide range of infrastructures and technologies. It is tailored for both researchers
and businesses looking to explore the potential of quantum computing today.

Quandela, a leader in the field of quantum computing, offers industrial-grade solutions.
Quandela designs, builds, and provides ready-to-use quantum systems for data centers,
quantum processors accessible via the cloud, and algorithm access services.Quandela
employs over 100 people from 20 different nationalities, the majority of whom are re-
searchers and engineers in optics, algorithms, and information sciences.

Quandela is committed to making advanced quantum computing accessible to all, em-
powering innovators to solve the most pressing industrial and societal challenges.

Quantum Design is a global leader in scientific instrumentation, offering advanced cryo-
genic solutions tailored to the needs of quantum technologies. In collaboration with
specialized partners, we provide a comprehensive portfolio of tools for low-temperature
research and quantum device characterization. Our offering includes high-precision tem-
perature sensors, closed-cycle cryostats, cryogenic probe stations, and versatile mea-
surement platforms designed for demanding environments. Integrated electronics so-
lutions support low-noise transport studies, precise temperature control, and stable
current /voltage sourcing—even at millikelvin temperatures and under magnetic fields.
These systems are ideally suited for quantum optics, spintronics, nanoscale device tes-
ting, and the study of quantum materials. They enable cryogen-free operation with
variable temperature and magnetic field control, ensuring flexibility and reproducibility
in experimental setups. With dedicated technical teams across Europe and worldwide,
Quantum Design ensures close support and collaboration with research institutions, pro-
viding expert guidance and responsive service. Together with our partners, we empower
researchers to explore quantum phenomena with precision, reliability, and flexibility.

Opton Laser International is a French distributor of high technology products opera-
ting in the field of Photonics. For over 30 years, Opton Laser has built a reputation
for innovation and service excellence, particularly in the fields of lasers, microscopy and
spectroscopy, as well as opto-mechanical components, laser instrumentation and quan-
tum optics. Opton Laser offers a 360° customer experience, from pre-sales to after-sales.
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Quobly is a pioneer in quantum microelectronics. The company is developing a quantum
chip on silicon using the existing industrial semiconductor manufacturing process. Foun-
ded in 2022, the company draws on 15 years of collaborative research between internatio-
nally renowned Research and Technology Organizations (RTO), CEA-Leti and CNRS.
Based in Grenoble, Quobly was co-founded by Maud Vinet, Ph.D. in quantum physics,
author or co-author of over 300 papers and holder of more than 70 nanotechnology-
related patents, Tristan Meunier, a world-renowned expert in semiconductor quantum
engineering, trained under Serge Haroche, winner of the 2012 Nobel Prize in Physics,
and Francois Perruchot, PhD in solid-state physics, engineer, expert in sensor develop-
ment, modeling and characterization of MEM micro-sensors. Quobly has signed several
strategic and operational partnerships with Soitec, Orano, Air Liquide and recently
with ST Microelectronics to accelerate the manufacturing process of its “silicon quan-
tum chip”. In 2023, Quobly raised €19 million, setting a new record for seed financing
for a Furopean start-up in the quantum sector.In 2025, Quobly secured a €21 million
funding package for its Q100T project.

Silent Waves, founded in 2022 by Baptiste Planat, Nicolas Roch and Luca Planat, is
a spin-off company of the Institut Néel, a CNRS laboratory based in Grenoble. Silent
Waves is specialising in the development, fabrication and commercialisation of ultra-
low noise superconducting amplifiers. Its first products, the Argo and the Carthago, are
Josephson traveling-wave parametric amplifiers, reaching near quantum-limited ampli-
fication, over GHz bandwidth and with high saturation power. These products are
instrumental in experiments requiring fast and accurate detection of low-power micro-
wave signals generated at ultra-low temperatures (< 100 mK). Today, the primary use
of these products is fast, high-fidelity readout of superconducting qubits.

Spaictra is a quantum optics company pioneering a novel light-matter interaction for
blood analysis. Its technology combines nonlinear optics with non-classical states of light
to enable comprehensive, multiparametric quantification from a single biological sample.
By making light accurate in complex media, Spaictra aims to free analytics from the
burden of reagents, along with the overhead, costs, and time they entail. The company
is working toward a new era for clinical and research settings, one where accessibility
is not simply a matter of decentralization, but of radically reducing the cost and time
required to access molecular information, beyond traditional chemical processing. The
team, composed of quantum physicists and physicians, is currently building its first
prototype and validating it on real biomarkers.

THORLABS, a vertically integrated photonics products manufacturer, was founded in
1989 to serve the laser and electro-optics research market. As that market has spawned
a multitude of technical innovations, Thorlabs has extended its core competencies in an
effort to play an ever-increasing role to serve the Photonics Industry at the research end,
as well as the industrial, life science, medical, and defense segments. The organization’s
highly integrated and diverse manufacturing assets include semiconductor fabrication of
Fabry-Perot, DFB, and VCSEL lasers ; fiber towers for drawing both silica and fluoride
glass optical fibers ; MBE/MOCVD epitaxial wafer growth reactors ; extensive glass and
metal fabrication facilities ; advanced thin film deposition capabilities ; and optomecha-
nical and optoelectronic shops.
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5 Abstracts, Participants and Authors

The following section contains the abstracts of the tutorial talks, the invited talks, the contributed talks,
and all the posters sorted according to their session and theme. They are followed by the list of authors of
the presented papers.
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Quantum Error Correction for Superconducting Quantum Information
Processors

Andreas Wallraff !
! Department of Physics, ETH Zurich, Switzerland

Superconducting electronic circuits are ideally suited for studying quantum physics and its
applications [1]. Since complex circuits containing hundreds or thousands of elements can be
designed, fabricated, and operated with relative ease, they are one of the prime contenders for
realizing quantum computers. Currently, both academic and industrial labs vigorously pursue
the realization of universal fault-tolerant quantum computers. However, building systems which
can address commercially relevant computational problems continues to require significant
conceptual and technological progress. For fault-tolerant operation quantum computers must
correct errors occurring due to unavoidable decoherence and limited control accuracy. In this
talk, after a brief introduction to superconducting qubits, I will discuss quantum error correction
using the surface code, which is known for its exceptionally high tolerance to errors. Using 17
physical qubits in a superconducting circuit we encode quantum information in a distance-three
logical qubit. In an error correction cycle taking only 1.1 ps, we demonstrate the preservation
of four cardinal states of the logical qubit with a low logical error probability of 3 % per cycle
[2]. In addition, the realization of universal fault-tolerant quantum computation requires the
implementation of logical entangling gates. Lattice surgery is an approach for implementing
such gates in planar quantum processor architectures. If time allows, I will also touch upon how
we perform lattice surgery between two distance-three repetition-code qubits [2] by splitting a
single distance-three surface-code qubit [1]. These insights support our understanding that fault-
tolerant quantum computation will be practically realizable.

[1] A. Blais, A. L. Grimsmo, S. M. Girvin, and A. Wallraff, Rev. Mod. Phys. 93, 025005 (2021)
[2] S. Krinner, N. Lacroix et al., Nature 605, 669-674 (2022)
[3] L. Besedin, M. Kerschbaum et al., Nat. Phys, in print (2025)



Quantum geometry, dichroism and sum rules : a Tutorial

Nathan Goldman
Center for Nonlinear Phenomena and Complex Systems,

Université Libre de Bruxelles, CP 231, Campus Plaine, 1050 Brussels, Belgium
International Solvay Institutes, 1050 Brussels, Belgium
Laboratoire Kastler Brossel, College de France, CNRS, ENS-Université PSL,
Sorbonne Université, 11 Place Marcelin Berthelot, 75005 Paris, France



Non-linear quantum optics

Alexei Ourjoumtsev
College de France

Light is an excellent carrier of quantum information, but photonic non-classical states and multi-
qubit gates remain challenging to realize. Both rely on non-linear effects acting at a single-photon
level. In this tutorial I will present different techniques used to create such effects, with a focus on

the fundamental physics and on the experimental challenges. Finally, I will show that they can be
advantageously combined.



Quantum measurement through parametric amplification

Maria Chekhova
Max Planck Institute for the Science of Light, Staudtstr. 2, 91058 Erlangen, Germany,
Friedrich-Alexander Universitit Erlangen-Niirnberg, 91058 Erlangen, Germany

Quantum states of light are central to photonic quantum technologies, which makes their mea-
surement very important. But quantum states are extremely fragile. Fortunately, a nonlinear-optical
device known as the optical parametric amplifier comes to rescue when measurement over a fragile
quantum state is needed. It protects the measurement against optical losses and imperfect detection,
enables addressing several modes simultaneously, and can substitute homodyne detection with direct
detection.

In my talk I will show examples of fully reconstructing a single-mode squeezed vacuum state,
simultaneously measuring squeezing in many spatial or temporal modes, and even addressing a non-
Gaussian state — a heralded single photon.
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Quantum Algorithms Inspired by Regev’s Reduction
g Y y Reg

André Chailloux
Inria Paris, France

Shor’s quantum algorithm for integer factorization compels us to rethink currently deployed cryp-
tographic schemes in order to make them post-quantum, that is, resistant even to adversaries equipped
with a functional quantum computer. These new schemes rely on novel computational assumptions,
notably those based on Euclidean lattices and error-correcting codes. In recent years, a new family
of quantum algorithms targeting these lattice and code-based problems has been discovered. These
algorithms are inspired by Regev’s reduction, which constitutes one of the theoretical foundations
of post-quantum cryptography. This presentation will offer an overview of this family of algorithms,
along with a discussion of their implications for post-quantum cryptography and, more broadly, for
quantum algorithms.



Quantum causality meets spacetime

V. Vilasini
Université Grenoble Alpes, Inria, 38000 Grenoble, France

Causality is central to explaining and understanding the world around us, yet it takes on fundamen-
tally distinct forms within quantum and relativity theories : the former related to information-flow
discernible via agents’ operations and the latter to spacetime structure. Reconciling these causality
notions is essential for the fundamental interface of these theories and for describing real quan-
tum experiments in spacetime. I will present a framework that defines and connects quantum and
relativistic notions of causality, providing a physical spacetime perspective on the abstract pheno-
menon of indefinite causal order (ICO) quantum processes, via no-go theorems. In particular, I will
show how ICO experiments can be causally unraveled in an acyclic fine-grained quantum descrip-
tion compatible with relativistic principles, and how relativistic causality constrains the landscape of
physically realizable quantum processes, allowing to exclude processes violating causal inequalities.
If time permits, I will outline an new operational approach towards defining events and their causal
relations relationally, without assuming a background spacetime—rather relative to agents’ “Labs”
equipped with physical references (e.g., clocks). This reconciles diverging proposals on the physical
interpretation of ICOs, while shedding light on the distinctions between their optical and quantum
gravitational realizations. The talk will conclude with an outlook on open directions for the study
quantum causality and information processing within and beyond spacetime.



Topology and noise in networks
of photonic unitary operators

Alberto Amo
Université de Lille, CNRS, UMR 8523 — PhLAM — Physique des Lasers Atomes et Molécules, F-59000 Lille
alberto.amo-garcia@univ-lille.fr

Discrete-step walks define the dynamics of particles in a lattice subject to splitting events at discrete times. They
are described by a cascade of unitary operations and are at the core of the architecture of quantum computers and in
the physics of quantum walks. Despite their importance, the topological properties arising from the discrete-step
evolution of lattices of cascaded unitary operators have been hardly explored [1-3]. In this presentation we report the
observation of two-dimensional topological phases unique to discrete-step walks [4]. We use light pulses in a two-
fibre ring setup whose dynamics maps into a two-dimensional lattice model subject to discrete splitting events [5].
We show that the bulk edge-correspondence is broken and the number of edge states is not simply described by the
bulk invariants of the lattice but also by a topological invariant associated to the discrete-step unitary operators acting
at the edges of the lattice [6]. We also study the robustness of the evolution of an initial state in the lattice to noise in
the unitary operators. Our results open new perspectives for the engineering of topological modes for particles subject
to quantum walks.

References

[1] P. Delplace, M. Fruchart, and C. Tauber, Phase rotation symmetry and the topology of oriented scattering networks, Phys. Rev. B 95,
205413 (2017).

[2] T. Bessho, K. Mochizuki, H. Obuse, and M. Sato, Extrinsic topology of Floquet anomalous boundary states in quantum walks, Phys. Rev.
B 105, 094306 (2022).

[3] R.ElSokhen, A. Gomez-Leon, A. F. Adiyatullin, S. Randoux, P. Delplace, and A. Amo, Edge-dependent anomalous topology in synthetic
photonic lattices subject to discrete step walks, Phys. Rev. Research 6, 023282 (2024).

[4] R. Asapanna, R. El Sokhen, A. F. Adiyatullin, C. Hainaut, P. Delplace, A. Gémez-Leén, and A. Amo, Observation of Extrinsic Topological
Phases in Floquet Photonic Lattices, Phys. Rev. Lett. 134, 256603 (2025).

[5] A.Regensburger, C. Bersch, B. Hinrichs, G. Onishchukov, A. Schreiber, C. Silberhorn, and U. Peschel, Photon Propagation in a Discrete
Fiber Network: An Interplay of Coherence and Losses, Phys. Rev. Lett. 107, 233902 (2011).

[6] R.Asapanna, C. Hainaut, A. Amo, and A. Gémez-Leon, Decoherence-Free Subspaces in the Noisy Dynamics of Discrete-Step Quantum
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Measuring short range forces with quectonewton stability

Franck Pereira Dos Santos
Laboratoire Temps Espace, Observatoire de Paris, Université PSL,
Sorbonne Université, Université de Lille, LNE, CNRS, 75014 Paris, France

I will present quantum sensing of short-range forces with a force sensor based on trapped atom
interferometry. Ultracold atoms are first transported with a Bloch elevator close to the surface of a
dielectric mirror before being trapped in a vertical lattice. Raman pulses are then used to split the
atoms across different wells and recombine them, creating a Ramsey-type interferometer. The phase
of the interferometer depends on the difference of potential energy between neighbouring wells,
and thus to the force exerted on the atoms. The stability of the local force measurement reaches
3 10728 N at 1s measurement time, and decreases down to about 4 1073° N after a few hours of
averaging. With this sensor, we measure an attractive force of order of 10727 N when bringing the
atoms at a few micrometers from the surface, larger than the expected Casimir Polder force of about
0.4 10727 N. We attribute the difference to parasitic electric fields created by adsorbed atoms, which
we characterize and model. Correcting for this effect, we put into evidence the Casimir Polder force
below 20 pm.
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High fidelity at high power and suppression of measurement induced state transitions in transmon
readout using a non-linear coupling

C. Mori', F. D’Esposito!, A. Petrescu?, L. Ruela’, V. Milchakov!, S. Kumar?®, V. N. Suresh!, W. Ardati', D.
Nicolas', G. Cappelli!, A. Ranadive', G. Le Gal!, M. Esposito’, T. Ramos?, Q. Ficheux!, N. Roch!, O. Buisson'*
YUniv. Grenoble Alpes, CNRS, Grenoble INP, Institut Néel, 38000 Grenoble, France
2Laboratoire de Physique de I’Ecole Normale Supérieure, Inria, ENS,

Mines ParisTech, Université PSL, Sorbonne Université, Paris, France
3Institute of Fundamental Physics IFF-CSIC, 28006 Madrid, Spain

The field of superconducting qubits is constantly evolving with new types of circuit and designs
but, when it comes to qubit readout, the use of simple transverse linear coupling is overwhelmingly
prevalent. This type of coupling intrinsically limits the readout mode’s dispersive shift and is known
to cause Purcell effect. We propose here to overcome these limitations by engineering a non-linear
cosy-coupling between the transmon qubit and a dedicated readout mode. This is based upon pre-
vious published work[1] on qubit readout with a non-perturbative cross-Kerr coupling engineered
by a transmon molecule circuit. A new sample with optimized design and parameters shows a rea-
dout fidelity of 99.21% measured using a parametric amplifier and a high Quantum Non- Demolition
(QND) fidelity of 97%[2]. Interestingly, these results have been achieved with 89 photons in the
readout mode. In addition, we have observed suppression of measurement-induced state transitions
(MIST) up to high photon counts above 300[3]. This effect can be explained by the symmetry of
the coupling, which is tunable with a magnetic field. All of these measurements were corroborated
by a theoretical study, a numerical analysis of the spectra associated with the nonlinearly coupled
circuit, and simulations of the corresponding classical dynamics[3]. In conclusion, we show that the
cosp-coupling is more robust to measurement photons than the usual linear coupling, making it a
compelling alternative for high fidelity and non-destructive transmon readout.

[1] R. Dassonneville, et al., “Fast high-fidelity quantum non- [3] C. Mori, et al., “Suppression of measurement-induced state tran-
demolition qubit readout via a nonperturbative cross-Kerr cou- sitions in cos-coupling transmon readout”, arXiv 2509.05126
pling”, Phys. Rev. X 10, 011045 (2020). (2025).

[2] C. Mori, et al., “High-power readout of a transmon qubit using a
nonlinear coupling”, arXiv 2507.03642 (2025).

* olivier.buisson @neel.cnrs.fr
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Efficient learning and simulation of quantum continuous variable systems

Tim Mobus'®, Andreas Bluhm?,* Tuvia Gefen®, Yu Tong®, Albert H. Werner®, and Cambyse Rouzé®
Y Department of Mathematics, University of Tiibingen, 72074 Tiibingen, Germany
2Univ. Grenoble Alpes, CNRS, Grenoble INP, LIG, 38401 Saint Martin d’Heéres, France
3Racah Institute of Physics, The Hebrew University of Jerusalem, Jerusalem 91904, Givat Ram, Israel
4Department of Mathematics, Department of Electrical and Computer Engineering,
and Duke Quantum Center, Duke University, Durham, NC 27708, USA
SOMATH, Department of Mathematical Sciences, University of Copenhagen, 2100 Copenhagen, Denmark
8 Inria Saclay, Télécom Paris - LTCI, Institut Polytechnique de Paris, 91120 Palaiseau, France

Hamiltonian learning is the task of identifying the unknown Hamiltonian governing the evolu-
tion of a quantum system. Besides being a fundamental problem for our understanding of quantum
systems, it is useful for tasks ranging from quantum simulation to quantum error correction.

While Hamiltonian learning has been studied in a large number of works, most focus on quantum
spin systems with finite local Hilbert space dimension. However, many quantum systems involve
infinite-dimensional Hilbert spaces and unbounded Hamiltonians. Examples include superconduc-
ting circuits, integrated photonic circuits or optomechanical platforms. Previous works on Hamilto-
nian learning for bosonic systems either restrict to special models, e.g., generalized Bose-Hubbard
model, or do not achieve the Heisenberg-limited scaling.

More general forms of bosonic Hamiltonians are challenging. Notably, the squeezing terms, qua-
dratic in the bosonic creation and annihilation operators and commonly seen in the quantum metro-
logy setting, can cause the particle number to grow exponentially in time, leading to the breakdown of
the Lieb-Robinson bound that governs the information propagation speed in the system [1]. Higher-
order polynomials of the creation and annihilation operators present even greater challenges.

In this work, we use engineered dissipation not only to regularize the dynamics in order to address
the issues mentioned above, but also to drive the Hamiltonian into a projected, finite-dimensional
subspace in which it becomes decoupled. This enables us to construct a phase estimation scheme,
similar to [2], combined with Chebyshev interpolation to learn an m-mode low-interaction Hamil-
tonian with total evolution time O(¢~1log(m/d)), where ¢ denotes the maximum error in each
Hamiltonian coefficient and J is the allowed failure probability.

The same adiabatic limit also underlies the stability of the cat code, where a bosonic mode is stabi-
lized within the subspace spanned by |+« ) through engineered dissipation, significantly reducing the
phase-flip error rate (and sometimes also the bit-flip error rate). Previous works have analyzed such
adiabatic limits, but have so far focused either on optimal convergence rates in finite dimensions or
on bounded Lindbladians. Recently, [3] proved a convergence result for an unbounded driving term
with a bounded supplementary Lindbladian, albeit with a slightly suboptimal convergence rate.

Our work is the first to rigorously address the adiabatic limit in the cat qubit setting. We establish an
explicit bound showing that Hamiltonians are projected exponentially fast onto the cat codespace. For
a driving Hamiltonian defined by the position operator, the effective dynamics reduces to a rotation
around the z-axis [4], which has been experimentally realized. The techniques developed in this
work pave the way for a mathematically rigorous analysis of the effects of strong dissipation in
quantum control and learning settings. The submission is based on the arXiv preprint 2506.00606
(https://arxiv.org/abs/2506.00606).

[1] J. Eisert and D. Gross, “Supersonic quantum communication,” limits in strong topology,” arXiv preprint arXiv :2409.06469,
Physical Review Letters, vol. 102, no. 24, p. 240501, 2009. 2024.

[2] H.-Y. Huang, Y. Tong, D. Fang, and Y. Su, “Learning many-body [4] M. Mirrahimi, Z. Leghtas, V. V. Albert, S. Touzard, R. J. Schoel-
Hamiltonians with Heisenberg-limited scaling,” Physical Review kopf, L. Jiang, and M. H. Devoret, “Dynamically protected cat-
Letters, vol. 130, no. 20, p. 200403, 2023. qubits : a new paradigm for universal quantum computation,”

[3] R. Salzmann, “Quantitative quantum Zeno and strong damping New Journal of Physics, vol. 16, no. 4, 2014.
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On the Quantum Equivalence between S|LWE) and ISIS

André Chailloux!, Paul Hermouet!*
1COSMIQ Team, Inria of Paris, 48 Rue Barrault, 75013 Paris

I. CONTEXT

A cornerstone of lattice-based cryptography is Regev’s re-
duction [1] that reduces reduces the Short Integer Solution
(SIS) problem to the Learning With Errors (LWE) problem.
That is, it shows that given an algorithm solving LWE, one
can solve SIS. These are arguably two of the most important
problems in post-quantum cryptography and they are some-
how dual to each other. LWE asks to find a random secret s
given a noisy linear samples (A, As + e), while SIS asks to
find a short, non-zero solution x to a linear system Ax = 0 —
the short condition being usually defined as an upper-bound
on the solution’s ({2 or £,) norm. Regev’s reduction uses
a (classical or quantum) algorithm solving LWE in order to
create a superposition of noisy lattice points and then performs
a measurement in the Fourier basis to obtain a short dual lat-
tice point.

As noted in [2], this reduction does not strictly need an
LWE solver, but an algorithm solving an easier problem, later
defined as S|LWE) [3], where the errors in the samples are in
quantum superposition, that is one is given (A, >, f(e)|As+
e)) where f is an amplitude function that concentrates on
small inputs. This was first explicitly used by Brakerski, Kir-
shanova, Stehlé and Wen [4] where they extend this reduction
and introduced the Extended Dihedral Coset Problem.

A few years later, Chen Liu and Zhandry [3] revisited this
reduction for algorithmic purposes, and showed that in some
regimes, this S|LWE) problem can be significantly easier than
the standard LWE problem. They showed how to construct,
for some parameters, a quantum polynomial time algorithm
for SIS, — where the upper-bound is on the ¢, norm of the
solution. While these parameters are still very far from those
used in lattice-based cryptography, this result shows the very
promising nature of this family of algorithms.

This framework has then been successfully used. Yama-
kawa and Zhandry [5] provided a first quantum advantage
without structure in the Random Oracle Model. It was also
used in a somewhat different context to construct quantum
oblivious sampling [6] and extended to the setting of linear
codes [7, 8], as well as structured codes in other to obtain a
quantum advantage [9, 10]. All these results use an algorithm
for S|LWE) to construct an algorithm for SIS and perform an
ad hoc analysis of this reduction. This is in part due to the fact
that we cannot have a generic reduction from SIS to S|LWE)
using this approach (see [8]). The only notable exception is the
work of Chailloux and Tillich [10] that provided the first gene-
ric reduction, but from Inhomogeneous-SIS (ISIS) to S|LWE)
— where ISIS is a variant of SIS that asks to find a short so-

* paul.hermouet@inria.fr
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lution to an inhomogeneous linear system Ax = y. This re-
duction does however have some assumptions on the S|LWE)
algorithm, which are satisfied by classical algorithms but not
necessarily by quantum algorithms. A first natural question
arises :

Is it possible to have a fully generic reduction
from ISIS to S|LWE) that is robust to failures in
the decoder ?

Also, because of the importance of S|LWE), recent works di-
rectly construct quantum algorithms for this problem. First, a
generic quantum algorithm for S|LWE) was presented in [11],
running in subexponential time and requiring a subexponen-
tial number of queries. Then [12] presented a slightly superpo-
lynomial algorithm for S|LWE) in the case the alphabet size
q is a small power of 2. These results both use variants of
the quantum Kuperberg sieve [13] for the Dihedral Coset Pro-
blem. When looking at these algorithms more carefully, one
can notice that they are actually very similar to some known
classical algorithm for ISIS and this raises a second question :

Is there a way to construct algorithms for
S|LWE) from algorithms for ISIS ? More gene-
rally, are the problems S|LWE) and ISIS equiva-
lent ?

II. CONTRIBUTIONS

We present three main contributions in our work :

1. First, we construct a fully generic reduction from ISIS
to S|LWE). This new reduction is robust to errors in the
S|LWE) solver, and removes the assumptions needed in
[10].

. We then tackle the reverse reduction. We introduce a
quantum version of ISIS : |ISIS) and show that one can
solve S|LWE) given access to a solver for |ISIS). This
is, to the best of our knowledge, the first work investi-
gating this direction of the reduction.

. Finally, we show that such a solver for |[ISIS) can be
constructed by a solver for its classical counterpart ISIS,
provided that this solver meets a specific condition, that
we call randomness-recoverability.

In conclusion, our results give for the first time a full for-
ward reduction between ISIS and S|LWE) and a partial re-
verse reduction. This clarifies the landscape of reductions bet-
ween S|LWE) and ISIS, as well as the remaining barrier for
showing full equivalence.
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Verification of universal quantum computations with single-qubit Pauli measurements

Sami Abdul-Sater’, Ulysse Chabaud', Maxime Garnier', Thierry Martinez', Harold Ollivier!
Y DIENS, Ecole Normale Superieure, PSL University, CNRS, INRIA. first.last@inria.fr

Context. As quantum technologies mature, checking the state produced by a quantum experiment
or the result of a quantum computation becomes impractical with standard techniques such as to-
mography. Both experimentalists and clients in cloud-based quantum computing face the common
challenge of certifying quantum states and verifying quantum computations. The most important
criteria in their approach are the complexity of the setup and the number of samples required to
confidently certify the produced state or computation result. In the literature, this has given rise to
candidate solutions to this problem. For instance, the state-of-the-art solution using only single-qubit
Pauli measurements [1] gives a generic procedure to certify quantum states in which the number of
required samples scales in a parameter that depends on the target state. In particular, it is proven to
be polynomial in the size of the state for different class of states, such as Haar-random states, graph
states, i.e classes that are of a particular interest in quantum information processing tasks.

Main results. In this work, we introduce new protocols for certifying another important class of
quantum states — one that enables universal quantum computations — using only Pauli measurements
and where the sample complexity is polynomial in the size of the target state/width of computation.

Contributions. Our contributions are three-fold, and for each we examine the scaling of the num-
ber of samples /N with respect to the size of the target state/width of the computation n, in different
scenarios. The security of the protocols is captured by a fidelity error £ and a failure probability 4.

1. We propose a protocol that allows to certify a n—qubit quantum state of the form |¥) = C (@, |¢:)),
where C'is a known Clifford circuit and the |¢/;) are arbitrary single-qubit states, possibly including magic
states, where all samples are i.i.d, resulting in N ~ O(n?,log(1/8)/c?). The main interest of this class is
that together with adaptive single-qubit Pauli measurements, it enables universal quantum computation [2].

2. We refine this protocol for specific families of Clifford circuits, showing that the required number of samples
becomes quadratic in the computation size : N ~ O(n?,1log(1/5)/e?). We also show that any quantum
computation can be reduced to this setting thus preserving universality.

3. We extend the protocol to the general non-i.i.d. setting, in which states might be entangled or correlated
across rounds. This version remains efficient and sound under adversarial behavior producing the states.

Techniques. Our protocols rely on an optimal fidelity estimation technique [3] to estimate the
single-qubit fidelities of the pre-Clifford product state, using Pauli measurements on the tested state.
This is enabled by the fact that Pauli observables can be efficiently propagated backward through the
Clifford circuit C' in the Heisenberg picture (in practice equivalent to a classical post-processing of
measurement outcomes). The resulting local fidelity estimates are then combined into a robust fidelity
witness [4] for the global state, yielding a fidelity error ¢ and a failure probability §. In the third
setting, we further show that by applying a quantum de Finetti reduction [5], the protocol remains
sound even against a malicious server employing arbitrary, non-i.i.d. strategies across rounds.

Discussion. While robust fidelity witnesses have previously been used in continuous-variable
quantum systems, this work demonstrates their first application to discrete-variable systems. Al-
though originally motivated by experimentalist needs, we show that techniques from quantum state
certification also enable efficient verification of quantum computations in cryptographic settings.
Lastly, the required setup involves only single-qubit Pauli measurements, which not only offer prac-
tical simplicity but also pave the way for fault-tolerant implementations with limited overhead. Our
certification protocol applies to a large class of target states and is compatible with quantum with
magic state injection, a prominent model for realizing universal quantum computations.

H.-Y. Huang, J. Preskill, and M. Soleimanifar, Nat. Phys. (2025). 578 (2021).

S. Bravyi and A. Kitaev, Phys. Rev. A 71, 022316 (2005). [5] R. Renner, Nat. Phys. 3, 645-649 (2007).
0. Fawzi, A. Oufkir, R. Salzmann, arXiv :2409.04189 (2024).

U. Chabaud, F. Grosshans, E. Kashefi, D. Markham, Quantum 5,
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Non-destructive optical read-out and manipulation of circular Rydberg atoms

Yohann Machu!, Andrés Durdn-Herndndez!, Gautier Creutzer!, Aurore-Alice Young!,
Abderrahmane Kassid !, Jean-Michel Raimond!, Clément Sayrin'-?, and Michel Brune'
LLaboratoire Kastler Brossel, College de France, CNRS, ENS-Université PSL,
Sorbonne Université, 11 place Marcelin Berthelot, F-75231, Paris, France
2Institut Universitaire de France, 1 rue Descartes, 75231 Paris Cedex 05, France

Among the thriving quantum computation and quantum simulation platforms based on arrays
of Rydberg atoms, those using circular Rydberg atoms are particularly promising. These atoms
uniquely combine the strong dipole-dipole interactions typical of Rydberg states with long lifetimes.
However, low-angular-momentum (¢) laser-accessible Rydberg levels have been so far mostly used,
because circular Rydberg atoms have no optical transitions, hindering their individual detection
and manipulation. We remove this limitation with a hybrid platform, combining an array of logical
circular Rydberg atoms (CRA) of rubidium with an auxiliary array of Rb ancilla atoms transiently
excited to a low-¢ Rydberg level.

In our platform, we prepare arrays of individual circular Rydberg atoms trapped in optical bottle
beams [1, 2]. We now couple the circular atoms to an array of ancillas trapped in optical tweezers.
We use a Forster resonance between one circular state and the ancilla laser-accessible Rydberg
level to engineer a strong dipole-dipole interaction between the circular and ancilla atoms [3]. This
induces a circular-state-dependent Rydberg blockade of the optical excitation of a nearby ancilla.
Subsequent fluorescence detection on the ancilla performs a QND measurement of the circular state.
Similarly, we use an ancilla excited to the low-1 Rydberg level to block a microwave excitation of
the circular atom. This effectively performs an optical manipulation of the circular Rydberg state.

This dual-Rydberg platform enables quantum simulation with circular Rydberg atoms. I will even-
tually show how we have used it to observe a spin exchange between two circular states.

[1] B. Ravon, P. Méhaignerie, Y. Machu, A. Durdn-Hernandez, M. acting Circular Rydberg Atoms Trapped in Optical Tweezers”,
Favier, .M. Raimond, M. Brune, and C. Sayrin, "Array of Indi- PRX Quantum 6, 010353 (2025)
vidual Circular Rydberg Atoms Trapped in Optical Tweezers", [3] Y. Machu, A. Durdn-Hernindez, G. Creutzer, A.A. Young,
Phys. Rev. Lett. 131, 093401 (2023) J.M. Raimond, M. Brune, and C. Sayrin, "Non-destructive op-
[2] P. Méhaignerie, Y. Machu, A. Durdn-Herndndez, G. Creutzer, tical read-out and manipulation of circular Rydberg atoms",
D. J. Papoular, J.M. Raimond, C. Sayrin, and M. Brune, “Inter- arXiv :2509.24691
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Robustly self-testing all maximally entangled states in every finite dimension

Uta Isabella Meyer', Ivan Supi¢?, Frédéric Grosshans®, and Damian Markham'*
YSorbonne Université, CNRS, LIP6, 75005 Paris, France
2Université Grenoble Alpes, CNRS, Grenoble INP, LIG, 38000 Grenoble, France

Device-independent self-testing certifies quantum states and measurements directly from Bell
correlations, without trusting the devices. While qubit self-tests are well established, extending robust,
universal certificates to qudits has been challenging : many approaches decompose into qubits, tailor
inequalities dimension-by-dimension, or lack explicit error tolerance [1]. We give a single, fully
robust protocol that self-tests all maximally entangled states in every finite local dimension, via a
constant-size Bell test built from non-diagonal Heisenberg-Weyl (HW) observables that generalize
CHSH to higher dimensions [2].

Let d be an odd prime (composites follow by a tensor-factor lift), the experiment uses measurements
in the eigenbases of the HW displacement operators with T(, .y = w2 leEXTgE = e2mi/d,
and Z#X* = w®*X*Z*. The target state is a locally rotated maximally entangled state |®) =
ﬁ (U, @ 1) 4z, |kk) where U, is a non-Clifford unitary, diagonal in the computational basis,
injecting the required non-stabilizer “magic”. The associated Bell operator reads

Bd:: j{: }E: g(jak7n)14?6§1327

neZ} Jk€Za

with explicitly computable coefficients g(j, k, n). On the target state, (®| B4|®) = d(d — 1).

We give an exact sum-of-positive-operator decomposition for the gap d(d — 1)1 — B,;. Almost
saturating the decomposition with a given physical state furnishes algebraic constraints directly on
the physical operators from near-optimal correlations. Combining these linear relations with power
identities for the unitary measurement blocks yields twisted commutation on the support of the state,

(A; AL —wI™FALAS) [9) = 0, (B;By, —wi™*ByB;) ) = 0, Vi ke Zyg,

which pins down the operator algebras. An explicit local isometry (a qudit SWAP built from the
generalized Fourier transform and HW generators) then extracts a maximally entangled pair and maps
the physical observables to canonical HW operators.

If a bipartite strategy achieves (| By 1)) > d(d — 1) — ¢, then there exist local unitaries V4, Vg
such that

[(Va® VB) [4) — @) ® laux)| < 8(c),  d(e) = Ved(d —1)(ua(4 +1/d) +1),

with pg = \/E(\/E + 2) for d > 3 (and an explicit bound for d = 3). Under the same isometry,
Aj =T 5y @1 and By — T{; ;) ® 1. Hence, both the state and the implemented HW measurements
are certified up to local isometries, with O(+/€) robustness.

The construction extends to arbitrary d = [], pfz by applying the prime-dimensional test on each
factor, with controlled (essentially linear) error accumulation. All ingredients are available in high-
dimensional photonic and atomic platforms, yielding implementation-friendly targets and explicit
error bars.
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Quantitative quantum soundness for all multipartite compiled nonlocal games

Matilde Baroni, SiniSa Jankovi¢, Igor Klep, Dominik Leichtle, Connor Paddock, Marc-Olivier
Renou, Simon Schmidt, Ivan gupié, Lucas Tendick, Xiangling Xu, and Yuming Zhao

Nonlocal games are central to the study of quantum nonlocality since Bell’s groundbreaking
work [1]. The standard setup involves multiple players, typically spatially separated to ensure no-
signaling, sharing quantum entangled quantum systems. Each player measures their own system
according to a measurement selected according to an input provided by a referee. Famously, sha-
red entanglement allows quantum players to achieve correlations, and thus higher scores, that are
classically infeasible.

In practice, ensuring that multiple players are truly unable to communicate is a significant ex-
perimental challenge. This raises a compelling question : can we witness this quantum advantage
using just a single, untrusted quantum device, called quantum prover ? To this end, the authors of [2]
introduced compiled nonlocal games, which transform the multi-player setup into a single-device
protocol : the spatially separated players are replaced by a single quantum prover, who interacts
with a verifier (the protocol’s referee). This compiler is built on quantum homomorphic encryption
(QHE) [3, 4], a technique allowing computation on encrypted quantum data. The authors showed this
compilation to be classically sound (a dishonest classical prover cannot exceed the classical score)
and quantum complete (an honest quantum prover can achieve the optimal nonlocal quantum score).

However, the original proposal left a crucial question open : what happens with dishonest quantum
provers ? Could they achieve a score significantly higher than what is physically possible in the
original, multi-player nonlocal game ? Proving that this is impossible, a property called quantum
soundness, has been a major research challenge.

This talk presents the cumulative results from three works [5-7] that resolve this question by
providing the first quantitative upper bounds on the achievable scores for all multipartite compiled
nonlocal games. For all games that admit finite-dimensional optimal quantum strategies, we show
that the compilation is quantitatively sound, meaning the optimal compiled score can exceed the
true nonlocal maximum by only a negligible amount. More generally, we establish a bound for all
compiled nonlocal games using a novel generalization of the celebrated Navascués-Pironio-Acin
(NPA) hierarchy [8, 9], a systematic computational tool for characterizing quantum correlations.

This is a highly significant and technical result, as it elevates compiled games into a provably secure
framework. It makes it possible to explore and certify genuinely multipartite quantum phenomena,
such as the self-testing of multipartite states, within a practical single-device model, opening new
perspectives for both theoretical and experimental research.

As mentioned, the key to our results is the development of a convergent multi-round sequential
NPA hierarchy, which was done in multiple steps. First, it required establishing a new operator-
algebraic framework to correctly describe multipartite quantum steering. This framework resolves a
long-standing challenge in generalizing steering beyond the bipartite case, where naive approaches
were known to fail [10]. Building on this, our hierarchy is the first computational tool capable of
handling quantum sequential processes by modeling quantum instruments and imposing appropriate
constraints on the level of completely positive maps, which may be of independent interest.

The goal of this talk is to make the concepts of compiled nonlocal games and their quantitative
quantum soundness accessible to a broad audience of theorists and experimentalists. We will focus on
the high-level ideas to provide a clear picture of this interesting intersection of quantum information,
cryptography, and mathematics.

[1] J. S. Bell, Physics Physique Fizika 1, 195 (1964). [5] M. Baroni, D. Leichtle, S. Jankovi¢, and I. §upié, “Bounding
[2] Y. Kalai, A. Lombardi, V. Vaikuntanathan, and L. Yang, in the asymptotic quantum value of all multipartite compiled non-
Proceedings of the 55th Annual ACM Symposium on Theory local games,” (2025), arXiv :2507.12408 [quant-ph].
of Computing (ACM, 2023) pp. 1617-1628. [6] 1. Klep, C. Paddock, M.-O. Renou, S. Schmidt, L. Tendick,
[3] U. Mahadev, SIAM Journal on Computing 52, FOCS 18 (2020). X. Xu, and Y. Zhao, “Quantitative quantum soundness for bi-
[4] Z. Brakerski, in Annual International Cryptology Conference partite compiled bell games via the sequential npa hierarchy,”
(Springer, 2018) pp. 67-95. (2025), arXiv :2507.17006 [quant-ph].
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Iterative generation of free-propagating superposition of coherent states of light using a quantum
memory cavity
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Schrodinger cat states — coherent superpositions of coherent states with opposite phases — consti-
tute valuable resources for quantum information processing [1], quantum communication [2], and
quantum metrology [3]. Their controlled generation and storage remain major challenges in the de-
velopment of scalable quantum technologies.

In this work, we report the experimental realization of a source of Schrodinger cat states using
an iterative protocol. Our approach combines a heralded single-photon source based on parametric
fluorescence with a low-loss “quantum memory” cavity integrating a fast Pockels cell and a pola-
rizing beam splitter. This architecture allows the storage of a first single photon while waiting for
the heralding of a second one. The stored and incoming photons are subsequently entangled through
polarization manipulations via the Pockels cell and recombination at the beam splitter. A homodyne
detection is then used to perform a quadrature measurement on one mode of the entangled state.
When the measured quadrature satisfies the condition X = 0, the other mode is projected onto a
Schrodinger cat state.

Using this method, we achieve high-fidelity (> 60%) state generation at a repetition rate of 1 kHz
[4], which represents, to the best of our knowledge, the current state of the art. Furthermore, the
quantum memory cavity enables the storage of the generated state, opening the way for the iterative
synthesis of increasingly more complex non-classical states [4].

The key feature of this experiment is therefore the quantum memory cavity, which simultaneously
enhances the generation rate and provides the necessary architecture for iterative generation proto-

cols.
[1] T. C. Ralph, A. Gilchrist, G. J. Milburn, W. J. Munro, S. Glancy, (2018)
"Quantum computation with optical coherent states” Physical [3] J. Joo, W. J. Munro, T. P. Spiller, "Quantum Metrology with En-
Review A, 68(4), (2003). tangled Coherent States", Phys. Rev. Lett., 107, (2011)
[2] H. Le Jeannic, A. Cavailles, J. Raskop, K. Huang, J. Laurat, [4] H. Simon, L. Caron, R. Journet, V. Cotte and R. Tualle-
"Remote preparation of continuous-variable qubits using loss- Brouri, "Experimental Demonstration of a Versatile and Sca-
tolerant hybrid entanglement of light," Optica 5, 1012-1015 lable Scheme for Iterative Generation of Non-Gaussian States of

Light", Phys. Rev. Lett., 133, (2024)
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Abstract

Non-classical sources of light in the perturbative interaction regime are well established
and the workhorses of quantum optics. Only recently it has been shown that also emission
of photons from strong-field interaction can contain non-classical effects (1). We present
our work on the first experimental verification of intrinsic non-classical effects from radia-
tion created in the strong-field regime (2, 3). Our unique experimental platform is based
on solid-state high-harmonic generation (SHHG) driven by classical light. By measuring
Glauber correlation functions with a single photon resolving setup, we characterize the pho-
ton statistics of the emission, revealing a super-Poissonian distribution and non-classical
inter-harmonic correlations. We show these results are well-described by an effective model
based on displaced squeezed states. Furthermore, we present recent work extending these
investigations to higher harmonic orders. Here, conditional measurements between harmonic
modes show the generation of anti-bunched light. We rigorously certify its quantum non-
Gaussian (QNG) character by measuring a witness operator (4). Indeed, the creation of a
QNG state via conditional measurements on an otherwise Gaussian state is only possible if
the initial harmonic modes are entangled (5). This makes these results the most direct hint of
the presence of entanglement between the high-order harmonics up to now. Our work firmly
establishes laser-driven SHHG as a promising new source for generating complex, entangled
quantum states of light.

(1) Gorlach, Alexey, et al. ”The quantum-optical nature of high harmonic generation.”
Nature communications 11.1 (2020): 4598.

(2) Theidel, David, et al. ?”Evidence of the quantum optical nature of high-harmonic gener-
ation.” PRX Quantum 5.4 (2024): 040319.

(3) Theidel, David, et al. ”Observation of a displaced squeezed state in high-harmonic gen-
eration.” Physical Review Research 7.3 (2025): 033223.
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(4) Jezek, Miroslav, et al. ”Experimental test of the quantum non-Gaussian character of a
heralded single-photon state.” Physical review letters 107.21 (2011): 213602.

(5) Walschaers, Mattia. ”Non-Gaussian quantum states and where to find them.” PRX
Quantum 2.3 (2021): 030204.
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Overlapping tomography of fermionic simulators
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Simulating many-body fermionic systems on conventional qubit-based quantum computers in-
volves significant overhead due to the fermion-to-qubit encodings required to capture fermionic ex-
change statistics. Motivated by their potential applications in quantum chemistry, condensed matter
physics, and materials science, recent proposals have introduced native fermionic quantum simula-
tors [1-5] Designed to naturally incorporate fermionic statistics without the overhead of fermion-to-
qubit encodings, they suggest a potentially scalable and more direct platform for simulating fermionic
problems. However, they also introduce unique constraints, a notable example being the difficulty in
implementing particle non-conserving operations. This raises a key challenge : How can we effi-
ciently characterize the state of a fermionic simulator given their operational constraints ?

We address this challenge by pairing fermionic modes to form "second-quantized qubits." Cru-
cially, we show that native fermionic gates act as rotations on these qubits, enabling direct adaptation
of qubit-based methods. Our approach utilizes only particle-number—preserving operations, aligning
with the natural capabilities of current fermionic simulators and avoiding the need for challenging
non-conserving gates.

As a key application, we adapt overlapping tomography to fermionic simulators. We map the
measurement of two- and four-point correlators onto the second-quantized qubits and represent the
set of target correlators and the constraints imposed by the pairing scheme as a graph problem.
Optimizing the number of measurement settings is then analyzed using analytical and algorithmic
graph-theoretic methods. Our results demonstrate :

1. Determining single-body observables in an n-mode system require only O(n) measurement
settings, and we provide an explicit construction.

2. Measuring all two-body observables requires at least £(n?) settings and optimal solutions
can be constructed with graph covering algorithms.

3. For common lattice geometries (square, triangular, hexagonal, Kagome), two-body observables
within individual tiles (local regions) can be recovered using a constant number of settings,
independent of system size.

By exploiting only particle-number—conserving native gates, our approach offers a scalable and
natural method for state characterization in emerging fermionic quantum simulators. Future work in-
cludes extending the framework to higher-order correlators and refined statistical analysis of sample

complexity.
[1]7 A. Schuckert, E. Crane, A. V. Gorshkov, M. Hafezi, and M. J. [quant-ph].
Gullans, “Fault-tolerant fermionic quantum computing,” (2024), [3] J. Argiiello-Luengo, A. Gonzélez-Tudela, T. Shi, P. Zoller, and
arXiv :2411.08955v2 [quant-ph]. J. 1. Cirac, Nature 574, 215 (2019).
[2] C. Tabares, C. Kokail, P. Zoller, D. Gonzélez-Cuadra, [4] F. Gkritsis, D. Dux, J. Zhang, N. Jain, C. Gogolin, and P. M.
and A. Gonzilez-Tudela, “Programming optical-lattice fermi- Preiss, PRX Quantum 6, 010318 (2025).

hubbard quantum simulators,” (2025), arXiv :2502.05067 [5] D. Gonzélez-Cuadra, D. Bluvstein, M. Kalinowski, R. Kau-
bruegger, N. Maskara, ef al., PNAS 120, e2304294120 (2023).
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The search for new superconducting qubit designs is driven by the need to overcome the
coherence bottlenecks of transmons and related architectures. Among the many proposals,
the cos(2¢) qubits[1], where only pairs of Cooper pairs can tunnel, leads to states of dif-
ferent parity and, consequently, to a suppression of energy relaxation. Such elements can be
engineered using multi-harmonic Josephson junctions in interference-based circuits, including
semiconductor—superconductor[3, 4] devices, rhombus[2] circuits, and KITE[1] structures. Despite
their promise, experimental progress has been limited, and the true coherence potential of this class
of qubits remains an open question.

In this work, we present a comprehensive theoretical study of interference-based cos(2¢) qubits,
focusing on their relaxation and dephasing properties under realistic experimental conditions and
attainable circuit parameters. We first show that the commonly accepted picture of “parity protection”
in cos(2¢) qubit does not hold in the context of finite experimental accuracy. Furthermore we show
that these out-of-experimental-reach qubit can only leads to extreme charge noise sensitive qubit.

Then, using numerical simulations, we evaluate in more detail the impact of junction asymmetry,
magnetic flux bias, and charge offset on coherence times. We find that such finite experimental accu-
racies lead to an experimentally attainable qubit where a more complex picture of parity protection is
present. We show that such energy relaxation protection is remarkably robust, with qubit lifetimes 7}
potentially exceeding milliseconds for realistic circuit parameter and experimental finite accuracy.

Finally, we identify a fundamental trade-off between sensitivity to flux noise and charge noise that
constrains the dephasing time 7T, to the microsecond range. This limitation persists across the whole
experimentally attainable parameter space making interference-based cos(2¢) an inadequate qubit
candidate.

Our results clarify why demonstrations of cos(2¢)-based qubits have so far struggled to achieve
long coherence times, and they establish quantitative bounds on what can realistically be expected
from this approach. These findings are relevant to a variety of interference-based m-periodic circuit
elements, providing design guidelines and highlighting key challenges for future experiments.

By outlining both the opportunities and inherent limits of cos(2¢) qubits, this work aims to inform
the ongoing search for hardware-efficient quantum processors.

[1] W. C. Smith, A. Kou, X. Xiao, U. Vool, and M. H. Devoret, Lefloch, Gate- and fluxtunable sin(2¢) josephson element with
Superconducting circuit protected by two-cooper-pair tunneling, planar-ge junctions, Nat. Commun. 16, 1010 (2025).
npj Quantum Information 6 (2020). [4] S. Messelot, N. Aparicio, E. de Seze, E. Eyraud, J. Coraux,
[2] B. Dou,cot and J. Vidal, Pairing of cooper pairs in a fully frus- K. Watanabe, T. Taniguchi, and J. Renard, Direct measurement
trated josephson-junction chain, Physical Review Letters 88, of a sin(2¢) current phase relation in a graphene superconduc-
227005 (2002) ting quantum interference device, Physical Review Letters 133,
[3] A. Leblanc, C. Tangchingchai, Z. Sadre Momtaz, E. Kiyooka, J.- 106001 (2024)

M. Hartmann, F. Gustavo, J.-L.. Thomassin,B. Brun, V. Schmitt,
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Quantum computing suffers from a lack of quantum algorithms, a challenge that could be mitiga-
ted by learning-based approaches. Circuit QED allows easy quantum interactions engineering, such
as superposition and entanglement through nonlinear processes, which can be trained to implement
neural networks [1]. Interestingly those quantum properties should improve learning capabilities [2].
Most approaches are based on two level systems for which high coupling density is hard to obtain
and have less tunable parameters. Our approach exploits the energy levels of quantum oscillators as
neurons [3]. In this work, we implement experimentally a quantum neural network on a minimal
system consisting of the fundamental mode of a superconducting resonator, coupled to a transmon
qubit for its readout. To test the potential of this system for quantum neural networks, we use the
reservoir computing architecture, which benefits from the physical system properties, training only
a final layer.

We experimentally implement a benchmark task for reservoir computing : the sine-square
waveform classification task. This task specifically tests the non-linearity of the neural network,
arising from the measurement in our case. By measuring 8 output neurons corresponding to some
occupation probabilities of 0 to 4 photons after four different time steps we obtain a classification
accuracy of 98.6 %. Despite the presence of quantum and experimental noise, this result is an
improvement in terms of the number of necessary neurons compared to simulations of a reservoir
computing with classical oscillators [4]. Since the system non-linearity is the key property for
reservoir computing, we also investigated the impact of Kerr non-linearity. Simulations show that
the Kerr effect, inherent to the resonator-transmon coupling, improves the task performance as its
strength increases.

This experiment shows that projecting a Gaussian state onto the Fock basis enables the extraction
of a large number of nonlinear features. It demonstrates the potential of quantum measurement as a
source of nonlinearity for quantum neural networks.

14 % e wem % 8 neurpns Target
Input  Drive x 4

data ampmude/
» ‘l

—o— Prediction

]
] Labeled as =

3 .. z

=2 01% 9% Sine 3 & - ———— e
=] m Square ©

]

0
x X x X

Cavity

Input data [ Qubit -1 X ek b Y
T T T T T T T
~ AW H— 0 20 0 0 80 120 160 200
Point index Point index
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Harnessing high-dimensional entangled states of light presents a frontier for advancing quantum
information technologies, from fundamental tests of quantum mechanics to enhanced computation
and communication protocols. In this context, the spatial degree of freedom stands out as particularly
suited for on-chip integration. But while traditional demonstrations produce and manipulate path-
entangled states sequentially with discrete optical elements, continuously coupled nonlinear waveg-
uide systems offer a promising alternative where photons can be generated and interfere along the
entire propagation length, unveiling novel capabilities within a reduced footprint. We have exploited
this concept to implement a compact and reconfigurable source of path-entangled photon pairs based
on parametric down-conversion in semiconductor nonlinear waveguide arrays (Fig. 1a,b). We use
a double-pump configuration to engineer the output quantum state and implement various types of
spatial correlations (Fig. 1c,d), exploiting a quantum interference effect between the biphoton state
generated in each pumped waveguide [1].

We then investigate more complex geometries by alternating two coupling distances in the array
to implement the Su-Schriefer-Heeger (SSH) Hamiltonian. In the center of the lattice, a topological
defect is introduced by inserting an additional long coupling distance. This results in the emergence
of a topologically protected mode localized at the interface. In contrast to a trivial defect mode, the
existence of this topological mode as well as its modal refractive index are expected to be protected
against disorder. We investigated experimentally the topological protection of the resonance spec-
trum of the SPDC process in these arrays. For this, we systematically compared different lattice
geometries: periodic arrays, arrays featuring a trivial localized mode, and topological SSH arrays.
While in the first two cases, disorder is shown to strongly affect the SPDC spectrum, giving rise to
sensible fluctuations in the shape and/or the maximum resonance position, the resonance spectrum
of topological arrays remains protected up to significant levels of disorder. Our experimental re-
sults supported by numerical simulations along with a simplified analytical model that captures these
different behaviors and trace them back to the band structure properties of the interacting modes
[2]. This rich phenomenology highlights nonlinear waveguide arrays as a promising platform for
exploring the interplay between nonlinearity, disorder and topology in quantum photonic circuits.

Spatial entanglement (c) Correlated

Coincidences

Pump injection

FIG. 1: (a) Sketch and (b) SEM image of an AlGaAs nonlinear waveguide array. (c-d) Measured coincidence maps at the array
output, corresponding to a spatially correlated and anticorrelated state, respectively.

[1] A. Raymond, A. Zecchetto, J. Palomo, M. Morassi, A. Lemaitre, F. Raineri, M.I. Amanti, S. Ducci, F. Baboux, Tunable generation of
spatial entanglement in nonlinear waveguide arrays, Phys. Rev. Lett. 133, 233602 (2024).
[2] A. Zecchetto et al., Topological protection of photon-pair generation in quadratic nonlinear waveguide arrays, in preparation (2025).
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In this work [1], we design and experimentally implement various robust quantum unitary transfor-
mations (gates) acting on d-dimensional vectors (qudits) by tuning a single control parameter using
optimal control theory. The quantum state is represented by the momentum components of a Bose-
Einstein condensate (BEC) placed in an optical lattice, with the lattice position varying over a fixed
duration serving as the control parameter. To evaluate the quality of these transformations, we employ
standard quantum process tomography. In addition, we show how controlled unitary transformations
can be used to extend state stabilization to global stabilization within a controlled vector subspace.
Finally, we apply them to state tomography, showing how the information about the relative phase
between distant momentum components can be extracted by inducing an interference process.

[1] E. Flament, N. Ombredane, F. Arrouas, D. Ronco, B. Peaude- Research 7, 033069 (2025).
cerf, D. Sugny and D. Guéry-Odelin, Unitary Transformations
using Robust Optimal Control on a Cold Atom Qudit, Phys. Rev.
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We study the joint effects of vector and tensor light shifts in a set of large spin atoms, prepared
in a polarized state and interacting with light. Depending on the ratio € between tensor and vector
coupling and a measurement rate I', we identify a regime of quantum non-demolition measurement
squeezing for times shorter than (y/eI")~!, and a deterministic squeezing regime for times longer
than (eI") . We apply our results to fermionic isotopes of strontium, ytterbium, and helium, which
are atoms with purely nuclear spin in their ground state, benefiting from very low decoherence. For
ytterbium 173, with a cavity such as that of [1], it would be possible to achieve an atomic spin
variance reduction of 0.03 in ~ 50ms.

Used directly, the spin squeezed state for helium 3 could be used in magnetometry and improve
the accuracy of fundamental physics experiments [2]. As for alkaline earth atoms or similar atoms,
the squeezed state could be transferred to an optical transition [3], to benefit atomic clocks [4, 5].

[1] J.A. Muniz, J. Young, J.R.K Cline, and J.K. Thompson, "Cavity- Xiao, and V. Vuleti¢, "Entanglement on an optical atomic-clock
QED measurements of the 87Sr millihertz optical clock transi- transition", Nature (2020)
tion and determination of its natural linewidth", Phys. Rev. Res. [4] J.M. Robinson, M. Miklos, Y.M. Tso, C.J. Kennedy, T. Bothwell,
(2023). D. Kedar, J.K. Thompson, and J. Ye, "Direct comparison of two
[2] N. Aggarwal, A. Schnabel, J. Voigt, A. Brown, J.C. Long, S. spin-squeezed optical clock ensembles at the 107 level", Na-
Knappe-Grueneberg, W. Kilian, A. Fang, A.A. Geraci, A. Ka- ture Physics (2024)
pitulnik, D. Kim, Y. Kim, I. Lee, Y.H. Lee, C.Y. and Liu, C. Loh- [5] S. Blatt, A.D. Ludlow, G.K. Campbell, J.W. Thomsen, T. Zele-
meyer, A. Reid, Y. Semertzidis, Y. Shin, J. Shortino, E. Smith, vinsky, M.M. Boyd, J. Ye, X. Baillard, M. Fouché, R. Le Targat,
W.M. Snow, E. Weisman, and H. Zhang, "Characterization of A. Brusch, P. Lemonde, M. Takamoto, F.-L. Hong, H. Katori,
magnetic field noise in the ARIADNE source mass rotor", Phys. and V.V. Flambaum, "New Limits on Coupling of Fundamental
Rev. Res. (2022) Constants to Gravity Using 7Sr Optical Lattice Clocks", Phys.
[3] E. Pedrozo-Peiiafiel, S. Colombo, C. Shu, A.F. Adiyatullin, Z. Rev. Lett. (2008)
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The quest for the perfect single photon source is yielding devices that are bright enough to ex-
plore the capabilities of multi-photon interference protocols. In this context, clean interference bet-
ween indistinguishable photons is a key requirement to implement meaningful Quantum Information
Processing. Notably, in order to correctly account for imperfections and assess the quality of these
experiments, it becomes necessary to access quantities that are not measurable with standard Hong-
Ou-Mandel-type experiments [1, 2].

The relevant distinguishability properties can be measured by the state-of-the-art Cyclic Interfero-
meter (CI) protocol [1] , with the pitfall that only 1 out of every 2" photocounting events it produces
are useful. We introduce a novel scheme based on the linear-optical Quantum Fourier Transform
(QFT) which overcomes this limitation, demonstrating the measurement of the distinguishability
spectrum of a multi-photon state without any post-selection [3], ultimately providing an exponential
improvement in sample efficiency compared to the state of the art.

Our results build on previous work which explored the Zero Transmission Laws (ZTL [4]) that
characterize the photocounting statistics of a QFT interferometer and its strong dependence on dis-
tinguishability properties. We extend the description of these suppression laws to arbitrary input
photons with mixed spectral states, developing a basis-independent description of the measurement
procedure based on distinguishability observables. Finally, we implement the QFT and CI protocols
for n = 3 and n = 4 photons on Quandela’s Ascella QPU [5] (see Fig. 1) comparing the performance
and requirements of each approach.

Our protocol enables rigorous benchmarking of multi-photon distinguishability and provides a
powerful diagnostic tool for photonic quantum technologies.

[1] M. Pont et al., "Quantifying n-photon indistinguishability with a cyclic integrated interferometer". Physical Review X 12, fasc. 3 (2022).
[2] E. Annoni and S. C. Wein., “Incoherent Behavior of Partially Distinguishable Photons.” arXiv :2502.05047. Preprint (2025).

[3] R. Martinez et al. "Optimal interferometer for benchmarking genuine n-photon indistinguishability", in preparation.

[4] M. C. Tichy et al., “Zero-Transmission Law for Multiport Beam Splitters.” Physical Review Letters 104, no. 22 (2010)

[5] N. Maring et al., “A Versatile Single-Photon-Based Quantum Computing Platform.” Nature Photonics (2024).
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FIGURE 1. Implementation scheme of the QFT (a.) and CI (b.) protocols on Quandela’s Ascella QPU for n = 3 photons. CI and QFT protocol
datapoints (c., n = 3) and final n-photon indistinguishability measurements(d., n = 3,4). The QFT protocol achieves better precision in
estimating GI for comparable acquisition times.
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Quantum networks connect systems at separate locations via quantum links, enabling a wide range
of quantum information tasks between distant parties. A key requirement for many such applications
is the generation and distribution of multipartite entangled states (most notably quantum graph states
such as GHZ and cluster states) used in tasks ranging from blind quantum computation and quantum
metrology to quantum key distribution and clock synchronisation. Yet creating these states across a
large network remains experimentally demanding : it requires precise control of high-dimensional
systems and typically relies on quantum memories and real-time classical communication.

To model what is feasible with present-day hardware, one often considers local operations and sha-
red randomness (LOSR) networks. Here, distant parties are connected by bipartite entangled sources
and can perform only local quantum operations assisted by pre-shared classical correlations, without
time-critical classical communication. These networks are experimentally attractive and have been
intensely investigated [1-6], yet existing results mostly concern (almost) pure states or focus on
specific target states.

In this work we ask whether LOSR networks can truly harness the full potential of distributed
quantum information processing. We provide a largely negative answer. Focusing on the task of
preparing highly entangled multipartite states, we show that the maximum fidelity achievable within
the LOSR model does not significantly exceed the best fidelity attainable by purely classical (or
separable) networks. In other words, when it comes to producing useful multipartite entanglement
for distant parties, the quantum advantage of bipartite sources alone is negligible. To go beyond
this limitation, additional resources such as quantum memories, classical communication, or direct
distribution of multipartite entanglement are indispensable. Our findings generalise and strengthen
earlier observations for symmetric output states [4], where LOSR networks were shown to produce
only fully separable states.

[1] M. Navascués, E. Wolfe, D. Rosset, and A. Pozas-Kerstjens, distribution and to verification techniques,” Nat. Commun. 13,
“Genuine network multipartite entanglement,” Phys. Rev. Lett. 496 (2022).
125, 240505 (2020). [5] Y.-X. Wang, Z.-P. Xu, and O. Giihne, “Quantum LOSR networks
[2] T. Kraft, S. Designolle, C. Ritz, N. Brunner, O. Giihne, and cannot generate graph states with high fidelity,” npj Quantum Inf.
M. Huber, “Quantum entanglement in the triangle network,” 10, 11 (2024).
Phys. Rev. A 103, L060401 (2021). [6] O. Makuta, L. T. Ligthart, and R. Augusiak, “No graph state is
[3] M.-X. Luo, “New genuinely multipartite entanglement,” Adv. preparable in quantum networks with bipartite sources and no
Quantum Technol. 4,2000123 (2021). classical communication,” npj Quantum Inf. 9, 117 (2023).

[4] K. Hansenne, Z.-P. Xu, T. Kraft, and O. Giihne, “Symmetries
in quantum networks lead to no-go theorems for entanglement
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Physical constraints and engineering challenges, including wafer dimensions, classical control ca-
bling, and refrigeration volumes, impose significant limitations on the scalability of quantum com-
puting units. As a result, a modular quantum computing architecture, comprising small processors
interconnected by quantum links, is emerging as a promising approach to fault-tolerant quantum
computing. Recent theoretical work showed that logical qubits encoded in unrotated surface code
patches in distinct processing units can be fault-tolerantly connected with a noise threshold along
their shared interface reaching up to 10% [1]. Although these results are encouraging, the central
questions about how many Bell pairs are required and how faithful they need to be to execute a quan-
tum algorithm in a distributed way, with comparable space and time resources with respect to the
monolithic approach, remain open. To answer these questions, in [2], we considered an architecture
tailored for qubits with nearest-neighbor physical connectivity, leveraging the rotated surface code
for error correction and enabling fault-tolerant operations through lattice surgery and magic state
distillation. We derived resource estimations with the following steps.

The first step was to build a model for the logical error rate during a memory experiment on
a rotated surface code patch shared across two processors through a fit of an ansatz. On top of
usual fully depolarizing circuit-level noise, we model Bell state preparation infidelity by a 2-qubit
depolarizing noise. This ansatz has been built upon an analytical bound in a phenomenological noise
model originally developed for the unrotated surface code in [1] that we adapted for the rotated
surface code.

Using this fitted model, we have been able to evaluate the probability of failure and the duration of
each logical quantum operation (initializations, gates and measurements) on a minimalist chain-like
architecture of processors. This chain-like architecture ensures logical all-to-all logical connectivity
but limits parallelization as only one surface code patch at the same time can be shared between two
nearest-neighbors processors on the chain. Particularly, we carefully designed the lattice surgery im-
plementation of CNOT, CX... X, and Toffoli gates on this layout by taking into account errors occur-
ring in merged patches of the lattice surgery operations. We have made the conservative assumption
that each logical CNOT is performed between two logical qubits located at both extremities of the
chain by using a very long routing patch that crosses every interface.

Leveraging this logical noise model, we’ve made a resource estimation for 2048-RSA number
factoring using Ekera and Hastad [3] version of Shor’s algorithm on both monolithic and distributed
architectures. As a result, for a characteristic physical gate error rate of 1072, a processor cycle time
of 1 us, factoring a 2048-bit RSA integer is shown to be possible with 379 processors, each made
with 89 781 qubits, with negligible space and time overhead with respect to a monolithic approach
without parallelization, if 70 Bell pairs are available per cycle time between each processors with a
fidelity exceeding 98.1 %.

Recent experiments of Bell state preparation via microwave links have reached a fidelity above
90 %, e.g [4] achieved a fidelity up to 96.4 % over 60 cm link. Our findings are pertinent for informing
how networks’ quality should progress to scale up quantum computing.

[1] J. Ramette, J. Sinclair, N. P. Breuckmann, and V. Vuleti¢, “Fault- quirements for distributed quantum computation,” (2025),
tolerant connection of error-corrected qubits with noisy links,” arXiv :2504.08891 [quant-ph].
(2023), arXiv :2302.01296 [quant-ph]. [3] M. Ekera and J. Hastad, “Quantum algorithms for compu-
[2] H. Jacinto, Elie Gouzien, and N. Sangouard, “Network re- ting short discrete logarithms and factoring rsa integers,” in

Post-Quantum Cryptography (Springer International Publishing,
2017) p. 347-363.
[4] K. Heya et al., “Randomized benchmarking of a high-fidelity
remote cnot gate over a meter-scale microwave interconnect,”
* hugo jacinto @alice-bob.com (2025), arXiv :2502.15034 [quant-ph].
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Quantum key distribution (QKD) has demonstrated the ability to enable secure communication

between users with information-theoretic security. The security of a QKD protocol depends criti-
cally on the level of control over the quantum states prepared during the protocol. This control can
now be achieved with very high precision, allowing QKD to be secure even in the presence of source
flaws [3]. However, such security imposes a limit on the maximum distance over which the protocol
remains secure. Indeed, at long distances, the communicating parties may only share a very small
fraction of the initially prepared quantum states. If this fraction becomes smaller than the degree of
control over the state preparation, the protocol can no longer be considered secure. Thus, while QKD
has reached a level of maturity that makes it secure for short and medium distances, its security over
long distances remains fundamentally limited by imperfections in state preparation.
Device-independent quantum key distribution (DIQKD) offers the strongest form of quantum secu-
rity, as it allows two honest users to establish secure communication even when using fully uncha-
racterized quantum devices. It is therefore inherently robust against attacks stemming from imperfect
state preparation. The security proof of DIQKD is derived from the violation of a Bell inequality, mi-
tigating side-channel attacks by asserting the presence of nonlocality. This enhanced security comes
at the cost of a challenging implementation. As photons in fibers are the natural carriers of quantum
information, channel losses represent the main challenge for DIQKD : growing exponentially with
distance, they become already at short distances too large for the honest users to be able to observe
any Bell inequality violation. To circumvent channel losses, a heralding scheme can be used, where
entanglement is generated between the parties’ systems conditioned on the detection of photons at a
central heralding station performing a joint measurement. Losses therefore reduce the key generation
rate, but not its security. Heralding schemes have been used in recent proof-of- principle demonstra-
tions of DIQKD [1]. In this experiment, the honest users locally generate light-matter entanglement,
so that the state at the local stations is encoded in material qubits. Despite these successful demons-
trations, the light- matter entanglement generation process required in this approach typically has
low repetition rates, limiting its scalability over large distances. Purely photonic platform can offer a
good repetition rate but they typically require 2 photon interference at the central station which make
the key rate proportional to the efficiency of the channel between the two parties and thus limit the
maximum distance at which one can perform DIQKD.
Photonic heralding scheme requiere a Bell state measurement at a central station and usually rely
on the arival of two photon at a central station where the the state are encoded in polarisation or
time bin. We propose a photonic realization of DIQKD [2], utilizing single photon sources and linear
optics which heralds a single-photon path entangled state between the honest users. Being based
on single-photon interference effects, the obtained secret key rate scales with the square root of the
quantum channel transmittance. This leads to positive key rates over distances of up to hundreds of
kilometers with large improvement for loss tolerance. We also proposed recently a DIQKD expe-
riment with only SPDC sources and linear optics[4], it has square root scaling of the key rate with
the transmittance and use taylored Bell inequalities optimized for finite size analysis.

[1] D. P. Nadlinger, P. Drmota, B. Nichol, S. Araneda, D. Main, R. tal quantum key distribution certified by Bell’s theorem,” Nature,

Srinivas, D. Schupp, C. N. Self, J. M. P. Al-Khalili, B. Podolsky, vol. 607, no. 7918, pp. 682-686, 2022.

D. Markham, D. I. Schwemmer, and C. J. Ballance, “Experimen- [2] A. Steffinlongo, M. Navarro, M. Cenni, X. Valcarce, A. Acin,
and E. Oudot, “Long-distance device-independent quantum key
distribution using single-photon entanglement,” arXiv preprint
arXiv :2409.17075, 2024. doi : 10.48550/arXiv.2409.17075.

[3] K. Tamaki, M. Curty, G. Kato, H.-K. Lo, and K. Azuma, “Loss-
* enky.oudot@lip6.fr tolerant quantum cryptography with imperfect sources,” Phys.
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High-Performance Heterodyne Receiver for Quantum Information Processing in a Laser Written
Integrated Photonic Platform

Andrea Peri!, Giulio Gualandi®?2, Tommaso Bertapelle !, Mattia Sabatini', Giacomo Corrielli®, Yoann Piétri', Davide
Giacomo Marangon'* Giuseppe Vallone':>4, Paolo Villoresi'>*#, Roberto Osellame® and Marco Avesani'»**
! Dipartimento di Ingegneria delllnformazione, Universita degli Studi di Padova, Via Gradenigo 6B, 35131 Padova (Italy)
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Among the most mature protocols of quantum technologies, Continuous-Variable Quantum Ran-
dom Number Generation (CV-QRNG) and Continuous-Variable Quantum Key Distribution (CV-
QKD) are critical technologies offering a viable solution to the security threats posed by the rapid
advancement of quantum computing [1]. While impressive and numerous experimental demonstra-
tions have been made in the past few years in these domains, there is an important need for reducing
the cost and size of those systems before a potential large scale deployment [2].

In this context, optical integration plays a key role by enabling scalable, cost-effective, and mass-
producible quantum systems that meet the demands of real-world deployment. In this work, we
introduce Femtosecond Laser Micromachining (FLM) on borosilicate glass as a novel platform for
producing photonic chips tailored toward quantum communication applications [3]. This technique
consists of permanently increasing the index of refraction by focusing femtosecond pulses on a glass
substrate, creating buried waveguides. The advantages of the FLLM glass platform include low propa-
gation losses, high stability and high mode matching efficiency with standard single mode telecom
fibers. To the best of our knowledge, this work represents the first demonstration of FLM technology
utilized for CV quantum communication protocols.

The layout of the integrated photonic circuit is shown in Fig. (a). It consists of two 50 : 50 beam
splitters followed by a phase tuning stage for one of the arm and two variable beam splitters based
on Mach-Zehnder Interferometers. The chip functionality is a 90° hybrid for coherent detection with
adjustable balance and phase. The phase shifts are done with Thermo-Optic Phase Shifters (TOPSs).
The phase can be adjusted to 90° a precision of +0.9° and maintained over several hours within
this precision. The Common-Mode Rejection Ratio of the detection can also be optimized using the
variable beam splitters, reaching up to 73.8 dB. Both these values, along with the impressive input-
to-output losses, including coupling, of 1.05 dB, surpass state-of-the art values for comparable bulk
and integrated optical hybrids.

The circuit was then used in a CV-QRNG/CV-QKD setup, see Fig. (1b). Specifically, the platform
demonstrated excellent performance in random number generation for CV-QRNG, reaching a gene-
ration rate of more than 40 Gbps, currently the record for any Source-Device-Independent QRNG.
We also employed the same chip as a receiver in a CV-QKD experiment, obtaining high secret key
rates exceeding 3 Mbps. Both these values were enabled by the high performance and stability of the
chip-based receiver.

The intrinsic performance of the chip in terms of losses, stability, and tunability, along with the
reported performance of the QKD and QRNG protocols demonstrate the large potential of the FLM
glass platform for future integrated quantum technologies.
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Approaching optimal microwave-acoustic transduction on lithium niobate using SQUID arrays

Abel Hugot,* Q. Greffe, G. Julie, E. Eyraud, F. Balestro, and J. J. Viennot
Univ. Grenoble Alpes, CNRS, Grenoble INP, Institut Neel, 38000 Grenoble, France

Acoustic waves play an essential role in a variety of classical and quantum electronic devices.
Central to these devices is the transducer, which enables the exchange of signals between electrical
and acoustic networks. Among the various transduction mechanisms, piezoelectricity remains the
most widely used. For surface acoustic waves and Lamb waves, control and detection are commonly
achieved using interdigital transducers (IDTs). However conventional IDTs are either inefficient or
have narrow bandwidth, because their impedance is generally not 50 {2 matched. These limitations
restrict their utility in many applications operating at microwave frequencies.

We propose and demonstrate a strategy to realize piezoelectric microwave-acoustic transducers
showing both high efficiency, wide bandwidth, and in-sifu tunability [1]. These transducers are
based on wide-band IDTs on suspended lithium niobate in conjuction with SQUID arrays. These
SQUID arrays serve as tunable impedance transformers that match the large complex impedance
of IDTs to 50 €2. We demonstrate this technique for various transducers : plane-wave, single-mode
and unidirectional transducers. We achieve a maximum efficiency of 62% at 5.7 GHz with an
unprecedented efficiency-bandwidth product of ~ 440 MHz. This approaches the maximal values
allowed by the piezoelectric properties of lithium niobate. Moreover, leveraging the flux dependence
of SQUIDs, we realize transducers with in-sifu tunability across nearly an octave around 5.5 GHz.

Our transducers could be used in a variety of hybrid quantum devices, since they are directly com-
patible with standard superconducting quantum circuits. They could find applications in microwave-
to-optics conversion schemes, quantum-limited phonon detection, acoustic spectroscopy and fast
acoustic coherent control.

[1] A. Hugot et al, to appear in Nature Electronics
(arXiv.2501.09661).
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Biphoton state generation and engineering with hybrid III-V/Silicon photonic devices
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M.L. Amanti!, F. Boeuf?, F. Raineri>#, F. Baboux!, and S. Ducci!
IMPQ, Université Paris Cité, 75013 Paris, France
2C2N, Université Paris Saclay, 91120 Palaiseau, France
3STMicroelectronics, 38190 Crolles, France
4INPHYNI, Université Cote d’Azur, 06200 Nice, France

Hybrid quantum photonics is a rapidly evolving field that combines different material platforms
to harness their complementary optical properties for quantum information processing [1]. By inte-
grating materials such as III-V semiconductors with silicon photonics, hybrid devices can leverage
the efficient nonlinearities, direct bandgap and quantum light generation of III-V compounds [2]
alongside the scalability and mature fabrication processes of silicon [3]. This approach enables the
realization of compact, robust, and versatile photonic circuits capable of generating, manipulating,
and routing quantum states of light on a single chip.

We present a hybrid AlGaAs/silicon-on-insulator (SOI) source operating at room temperature [4],
whose working principle is sketched in Fig. 1.a: the photon pairs are generated, upon optical pump-
ing, via spontaneous parametric down-conversion in an AlGaAs waveguide based on Bragg reflec-
tors and then transferred, through evanescent adiabatic coupling, to the SOI circuitry, preserving the
properties of the produced quantum state, while the pump beam is automatically filtered out.

By employing a nonlinearly shaped multi-mode taper, we improve the transmission efficiency
and polarization independence, exceeding by an order of magnitude the previously reported perfor-
mances [4], both in terms of generation rate and signal-to-noise ratio (Fig. 1.b), hence establishing
the new state of the art. Furthermore, the implemented coupling scheme induces strong transfor-
mations on both the amplitude and phase of the joint spectral amplitude of the produced quantum
state: this is measured via a Hong-Ou-Mandel (HOM) interference measurement. In Fig. 1.c we
show the experimental data superimposed on the theoretical predictions, for three tapers with dis-
tinct geometrical characteristics. The capability to accurately predict such transformations opens the
way to direct biphoton state engineering at the design stage, within a compact device and without
requiring complex external components. In particular, we investigated the potential of the current
device in modifying the photon exchange statistics and in enhancing the metrological gain for a time
delay measurement, achieving performances comparable to those reported in the Literature using
wave-shapers or spatial light modulators.
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Figure 1. (a) Sketch of the device. (b) Rate of injected pairs into the silicon waveguide and coincidence-to-accidental ratio (CAR), for linearly
and nonlinearly shaped tapers. (c) HOM interferograms - experimental data are superimposed on theoretical predictions.

[1] W. Elshaari et al., Nat. Phot. 14, 285 (2020). [4] J. Schuhmann et al., PRX Quantum 5, 040321 (2024).
[2] F. Baboux et al., Optica 10, 917 (2023).
[3] S.Y. Siew et al., J. Light. Technol. 39, 13 (2021).
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High-performance solid-state quantum memory in a low-vibration in-house built cryostat
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YUniversité Cote d’Azur, CNRS,
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17 rue Julien Lauprétre, 06200 Nice, France
2 Université de Bordeaux, CNRS, LOMA,
UMR 5798, 33400 Talence Cedex, France

Quantum memories have been an active research in quantum optics, for they are essential for quan-
tum information processing. One of the most prominent platforms is rare-earth ion-doped crystals,
used with the atomic frequency comb (AFC) protocol [1]. To reach the highest coherence times,
these crystals need to be cooled down at cryogenic temperatures (~3 K), but current state-of-the-art
commercially available closed-cycle systems suffer from inevitable vibrations, caused either by me-
chanically moving pieces or gaz turbulences. Such vibrations induce detrimental piezospectroscopic
shifts, that hinder the preparation of fine population structures, as required for the AFC protocol [2].

We present here the development of a cryostat whose architecture is designed for minimizing vi-
bration propagation between the cold head and the sample. The body of the cryostat shown on Figure
1, the radiation shieldings as well as sample pieces were all machined in order to achieve high preci-
sion adjustment in the space-constrained volume. Our realization aims at being simultaneously low
vibration, compact as well as modular, while reaching a base temperature below 4 K. The key vibra-
tion isolation feature is a mechanical decoupling between the cold head part and the experimental
chamber via the joint use of elastic vacuum connections and copper braids for thermal connection.

We estimate the performances of the cryostat by two means. The first means consists in burning
a narrow hole in the inhomogeneously broadened absorption line of a praseodymium-doped yttrium
orthosilicate (Pr :YSO) crystal. By monitoring in real time the hole width and position, we assess the
effect of vibration on spectral features. With our setup we reach hole widths of 15 kHz, monitored
with a free-induction-decay (FID) protocol, for durations of the order of 400 ms, and estimate drifts
smaller than this value over the whole measurement. The second characterization means consists in
implementing the AFC protocol in the Pr :YSO crystal for optical storage of coherent states of light,
for fixed delay-like storage durations ranging between 2 and 100 us. By fitting the exponential decay
of the efficiency 7 as a function of the storage time 7, we reach a coherence time 75 of 99 us and an
efficiency of 48 % which overcomes state-of-the-art value for Pr :YSO, as shown in Figure 2 [3].
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Figure 1 The cryostat : chamber (left)

and cold head housing (right) Figure 2 AFC efficiency decay
[1] M. Afzelius, C. Simon, H. de Riedmatten, and N. Gisin, “Mul- troscopic measurement of high-frequency vibrations in a pulse-
timode quantum memory based on atomic frequency combs”, tube cryostat”, Rev. Sci. Instrum. 90, 034901 (2019).
Physical Review A 79, 052329 (2009) [3] H. Naim et al., in preparation
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Protecting collective qubits from non-Markovian dephasing

Antoine Covolo !, Valentin Magro!, Mathieu Girard!, Sébastien Garcia', Alexei Ourjoumtsev?
L Jeunes Equipe de IInstitut de Physique du Collége de France, Paris, 11 Pl. Marcelin Berthelot, France

Collective atomic or solid-state excitations present important advantages for encoding qubits, such
as strong directional coupling to light. Unfortunately, they are plagued by inhomogeneities between
the emitters, which make the qubit decay into a quasi-continuum of dark states. In most cases, this
process is non-Markovian. Through a simple and resource- efficient formalism, we unveil a regime
where the decay is suppressed by a combination of driving and non- Markovianity [1].

We experimentally demonstrate this “driving protection” using a Rydberg superatom : a small en-
semble of cold atoms where interactions between Rydberg-state atoms limit the number of excitations
to one, thus defining a collectively-encoded qubit [2]. We achieved to extend its coherent dynamics
beyond the characteristic free decay time by an order of magnitude.

This remarkable behavior is reminiscent of a phenomenon previously observed in systems with cavity
coupled to inhomogeneous ensemble of emitters, commonly referred to as cavity protection [3][4].
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Fig. 1 We can access the excited population of our collectively encoded qubit by mapping it onto a cavity photon. (a) Free evolution of the
qubit exited state. (b) Experimental evolutions for two different Rabi frequencies (data points with error bars) and corresponding numerical
simulations using our dephasing model (points connected by lines).

[1] A. Covolo, V. Magro, M. Girard, S. Garcia, and A. Ourjoumtsev, [3] I. Diniz, S. Portolan, R. Ferreira, J. M. Gérard, P. Bertet, and

"Protecting collective qubits from non-Markovian dephasing", A. Aufféves, "Strongly coupling a cavity to inhomogeneous en-

Phys. Rev. Lett. 12, 1427 (2025). sembles of emitters : Potential for long-lived solid-state quantum
[2] J. Vaneecloo, S. Garcia, and A. Ourjoumtsev, "Intracavity Ryd- memories”, Phys. Rev. A 84, 063810 (2011).

berg Superatom for Optical Quantum Engineering : Coherent [4] Z. Kurucz, J. H. Wesenberg, and K. Mglmer, "Spectroscopic pro-

Control, Single-Shot Detection, and Optical = Phase Shift", perties of inhomogeneously broadened spin ensembles in a ca-

Phys. Rev. X 12, 021034 (2022). vity", S Phys. Rev. A 83, 053852 (2011).
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Benchmarking Decoder Accuracy against Optimal
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Abstract

Quantum error correction (QEC) is widely recognised as the key component for achiev-

ing fault-tolerant quantum computing. Indeed, physical qubits are highly sensitive to en-
vironmental perturbations (such as temperature fluctuations or electromagnetic field vari-
ations) which lead to decoherence and prohibits the implementation of quantum circuits
with large number of qubits and great depth. In QEC, logical qubits are encoded across
many noisy physical qubits to protect quantum information, and errors are detected through
non-destructive syndrome measurements. The measurement syndrome is then decoded : a
classical algorithm (the decoder) maps the syndrome to a recovery operation. The quality of
the decoder has a strong impact on the QEC procedure : if the recovery operations is chosen
poorly, the logical error rate increases and thus the physical error threshold beyond which
QEC becomes feasible becomes smaller.
In recent year, a variety of decoders have been proposed, ranging from fast heuristic meth-
ods like minimum-weight perfect matching to more computationally intensive but highly
accurate methods such as tensor-network-based approaches. However, most benchmarking
studies rely on stochastic error sampling under simplified circuit-level noise models (1), which
fails to assess the true performance of a decoder, especially at low logical error rates.

In this work, we compare the performances of several decoding strategies, including minimum-
weight perfect matching and recent decoders such as those proposed in Refs. (2, 3), against
optimal decoding for a range of codes, starting with the repetition code and small low-density
parity check codes from Ref. (4). To do so, we perform full density matrix simulations, al-
lowing us to reach arbitrarily small error rates. Although this limits the exploration to small
code distances, our results provide essential benchmarks for current decoders.

This decoder can also be formulated using mixed matrix product states (MPS) (5), which
opens the door for a promising decoding strategy : compressing the full noisy state into a
tensor network before syndrome measurement shifts the computational cost ahead of the
QEC procedure. Once the syndrome is known, a fast projection onto the corresponding
subspace gives access to the optimal recovery operation in real time.

*Speaker
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Certifying Gaussian States Without the i.i.d. Assumption

Anton L. Andersen'* and Damian Markham!
LLIPG6, CNRS, Sorbonne Université, 4 Place Jussieu, Paris F-75005, France

Continuous-variable (CV) states play a pivotal role in quantum technologies, offering unique ad-
vantages for quantum computation, communication, and sensing due to their inherent compatibility
with optical systems and their ability to encode and process information in the infinite-dimensional
Hilbert space of bosonic modes. In this poster, we present a protocol for the certification of a spe-
cific subclass of CV states. The protocol relies on local homodyne detection and does not assume
that the source produces identical and independently distributed (i.i.d.) states. It is therefore well
suited to adversarial network scenarios, where an entangled state is produced by an untrusted source
and distributed to spatially separated parties via an untrusted network. The protocol applies to the
subclass of Gaussian states |U) = U |@) generated by unitaries U that act separately and linearly

on the position and momentum quadratures. Specifically, U must satisfy Uz,Ut = Z 0254, and

U plU T = Z BijDj, where o; and 3;; are real coefficients. Despite this restriction, the protocol
enables the certlﬁcatlon of resource states relevant to both quantum computing [1] and quantum me-
trology [2]. We analyze the performance of the certification protocol in terms of the certified fidelity
of the output state, considering the presence of realistic noise sources. Our results indicate that an
experimental demonstration of the protocol is within experimental reach.
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FIGURE 1 — Overview of the protocol. a) Circuit used to produce the resource states for metrology in [2], which serve as examples
of states certifiable by this protocol. b) Schematic representation of the certification protocol. The untrusted source provides N,
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From the remaining states, one output state p,,; is selected at random, for which a lower bound on the fidelity with the target
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total number of resource states [V;,; used. Results are presented for two-mode states (c) and four-mode states (d).

[1] M. V. Larsen, N. M. Linke, D. Z. Hangleiter, D. T. C. Allcock, [2] A.de Oliveira Junior, A. L. Andersen, B. L. Larsen, S. W. Moore,

C. D. Marcikic, L. S. Madsen, J. S. Neergaard-Nielsen, and U. L. D. Markham, M. Takeoka, J. B. Brask, and U. L. Andersen,
Andersen, "Deterministic generation of a two-dimensional clus- "Privacy in continuous-variable distributed quantum sensing,"
ter state," Science 366, 369-372 (2019). arXiv :2509.12338 [quant-ph] (2025).
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Circulator-free, near-quantum-limited qubit readout using the Traveling Wave Parametric
Amplifier Isolator

Bekim Fazliji’*2, Vishnu Narayanan Suresh!, Arpit Ranadive!, Gwenael Le Gal!,
Giulio Cappelli', Waél Ardati !, Luca Planat?, Quentin Ficheux' and Nicolas Roch!*
YUniv. Grenoble Alpes, CNRS, Grenoble INP,

Institut Néel, 38000 Grenoble, France
2Silent Waves, 38000 Grenoble, France

Traveling wave parametric amplifiers (TWPAs) are now widespread for near-quantum-limited
broadband amplification of microwave signals. Due to imperfect impedance matching with their
environment and unwanted non-linear processes, they can exhibit significant backward emission and
reverse gain. Therefore, isolators between the device under test (DUT) and the TWPA are used in
order to protect the DUT from radiation from the measurement line. These isolators are bulky, ma-
gnetic and add losses before the first amplifier, resulting in the degradation of the noise performance
of the amplification chain.

We will present the TWPALI (traveling wave parametric amplifier isolator) that utilizes four-wave
mixing for amplification and three-wave mixing to upconvert backward propagating mode to a fre-
quency band that can be easily discarded, effectively providing forward amplification and reverse
isolation. It exhibits 20 dB of gain and -35 dB of isolation over 500 MHz. We will also discuss
the implementation of the TWPAI in a qubit measurement setup without standard isolators, using
the TWPALI to provide amplification and isolation. Along with this discussion, we will present qubit
measurements for different configurations of the TWPAIL

* bekim.fazliji @neel.cnrs.fr
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In the photonics continuous variable framework, encoding generally relies on electric field quadra-
tures [1]. The time-frequency approach [2] on the other hand exploits time-of-arrival and frequency
(modes) in the single-photon subspace. These variables are strictly speaking continuous but they
do not rely on photon number statistics in a given mode as the field quadrature-based approach.
Non-Gaussian operations - that are challenging in quadrature-based systems and require offline mea-
surements or nonlinear interactions - are straightforward in this time-frequency encoding. However,
while modes entanglement in quadratures is deterministic, achieving time-frequency entanglement
between single photons, a specific case of photon-photon entanglement, is notoriously challenging.
More specifically, time-frequency entanglement gate has been shown [2] to be quartic in the boso-
nic creation and annihilation operators that is a priori complicated to carry out experimentally. Yet,
time-frequency entanglement naturally arises in the photon pairs generated via spontaneous para-
metric down-conversion (SPDC) and spontaneous four-wave mixing (SFWM) in pumped nonlinear
crystals. Nevertheless, these processes have significant drawbacks : (i) they are highly inefficient and
not scalable for large-scale quantum protocols. (ii) they do not directly entangle preexisting photons
but rather produce entangled pairs, preventing cascaded entanglement for cluster states. (iii) they
also generate higher-order states and are thus imperfect sources of true frequency-correlated photon
pairs. To circumvent these pitfalls, experimental [3] and theoretical [4] schemes have been inves-
tigated. Alushi ez al. [4] investigated the time-frequency photon-pair correlations originating from
a light-matter quadratic Hamiltonian. Their derivation was however based on a generic toy-model
without taking into account the requirements of a specific system. We fill this gap by rigorously sho-
wing that in the adiabatic elimination limit, the light-matter interaction in the weak regime yields a
genuine quadratic light-matter coupling between a QD and a waveguide continuum of modes (see
Figure 1) of the same form as that of Alushi ef al.. Using a Schmidt decomposition to analyze the
continuous frequency entanglement, we further showcase a tradeoff between entanglement genera-
tion efficiency and entanglement quality (see Figure 2). We therefore consolidate a route for efficient
entanglement of preexisting photons harnessing an effective non-linearity with no need of intense
pump or postselection.
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Figure 1: Trade-off between the probability of successfully outputting an entangled two-
photon distribution and the quality of the entanglement measured with the Schmidt num-
ber and entanglement entropy with respect to the ratio 5/« of the Gaussian coupling term
width £ to the two-photon input width o. The entanglement entropy is given with respect
to its maximum value. The illustrative joint spectral intensities (JSIs) (panels (a), (b), (c))
are all on the same linear scale. The panel (a) depicts a regime where f < « (frequency-
anti-correlated photons), the panel (c) where 5 > « (frequency-correlated photons) and
the panel (b) where 5 = « (no frequency correlations).

[1] S. L. Braunstein and P. Van Loock, Quantum information with conti- [3] H. Le Jeannic, A. Tiranov, J. Carolan, T. Ramos, Y. Wang, M. H. Ap-

nuous variables, Reviews of modern physics77, 513 (2005), C. Fabre pel, S. Scholz, A. D. Wieck, A. Ludwig, N. Rotenberg, et al., Dynami-
and N. Treps, Modes and states in quantum optics, Reviews of Modern cal photon—photon interaction mediated by a quantum emitter, Nature
Physics 92, 035005 (2020). 44 Physics 18, 1191 (2022).

[2] N. Fabre, A. Keller, and P. Milman, Time and frequency as quantum [4] Alushi, Uesli, et al. "Waveguide QED with quadratic light-matter in-
continuous variables, Physical Review A 105, 052429 (2022). teractions." PRX Quantum 4.3, 030326 (2023).
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High Qi Tantalum for superconducting qubit implementation
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Ficheux , J. Renard, F. Rouxinol, W. Hash-Guichard, C. Naud, O. Buisson

Institut Néel, University Grenoble Alpes, CNRS, Grenoble INP, F-38000 Grenoble, France
Gleb Wataghin Institute of Physic,State University of Campinas,13082-859 Campinas,SP-Brazil

Superconducting qubits performance is limited by decoherence mechanisms such as
dielectric losses. We are investigating a transmon molecule design featuring an original coupling
mechanism that produces a non-perturbative cross-Kerr interaction between the qubit and the
readout microwave cavity [1]. This setup has already achieved high readout fidelity (99.2% [2])
and long coherence times (T, = 120us, T, = 23us [2]). Our current objective is to implement
such a transmon molecule, utilizing tantalum capacitive pads in conjunction with aluminum
junctions. Indeed, recent advancements suggest that tantalum (Ta) on sapphire substrates can
significantly enhance qubit performance, achieving relaxation times (T;) in the millisecond range
[3]. The tantalum film is grown on sapphire substrate using electron gun evaporation in an ultra-
high vacuum chamber, with a static pressure of approximately 10~1° mbar and a substrate
temperature of 400°C. We employ a combination of characterization techniques including x-ray
diffraction, atomic force microscopy (AFM), and resistance versus temperature (R(T))
measurements, to assess the structural, surface, and superconducting properties of the Ta
films. In order to evaluate microwave losses, we fabricated superconducting resonators. We
measured quality factors ranging up 6 x 10° in the low photon number limit to more than 60
million at large power, placing our results close to the current state-of-the-art. | will present
systematic measurements of the internal quality factor and resonance frequency as functions of
temperature and microwave power, providing insights into dielectric losses and superconducting

properties.

[1] R. Dassonneville et al, Phys. Rev. X 10, 011045 (2020).

[2] C. Mori, V. Milchakov, et al., High-power readout of a transmon qubit using a nonlinear
coupling, arXiv2507.03642.

[3] A. Place et al. Nature communications 12.1 (2021).
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Hole Spin-Photon Coupling in Silicon and Germanium Double Quantum Dots

Ahmad Fouad Kalo', Yann-Michel Niquet !, Esteban A. Rodriguez-Mena *, Michele Filippone!*
YUniv. Grenoble Alpes, CEA, IRIG-MEM-L Sim, Grenoble, France.

In recent years, there has been tremendous progress in systems capable of probing and harnessing
spin degrees of freedom in solid-state environments. Notably, hybrid architectures have experimen-
tally demonstrated the potential to strongly couple single photons confined in superconducting reso-
nators with the spin of single electrons or holes in quantum dots. These experiments provide signi-
ficant opportunities for the development of novel hybrid circuit Quantum Electrodynamics (cQED)
architectures, where in photons can probe, entangle, and control the states of multiple spins. Here
we model cQED systems comprising a silicon or germanium double quantum dot hosting a single
hole and a resonator coupled to one of the dots, and assess the strength of spin-photon coupling. For
that purpose, we devise a methodology to extract the relevant parameters of the double dot from nu-
merical finite difference calculations (g-tensors, detuning, spin-conserving and spin-flipping tunnel
couplings), and to tune the device to a suitable sweet spot. We analyze the physics of the spin-photon
interactions in both materials. In planar germanium heterostructures, the spin-photon coupling is do-
minated by the difference between the g-tensors of the two dots due to the asymmetries and to the
inhomogeneous cool-down strains in the system. Significant spin-photon couplings (> 100 MHz)
can be achieved for in-plane magnetic fields with a proper engineering of the devices. In silicon
MOS devices, linear Rashba spin-orbit interactions may dominate spin-photon coupling for strongly
squeezed dots, as shown experimentally.

[1] C. Yu et al.,"Strong coupling between a photon and a hole spin
in silicon", Nature Nanotechnology 18, 741(2023)
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Hybrid Algorithms for Dynamical Correlation Functions: A Sampling-Based Subspace
Diagonalization Approach for Strongly Correlated Electron Systems

Nathan Moumique,* Thomas Ayral, Corentin Bertrand, and Filippo Vicentini

Accurately computing dynamical correlation functions — such as the retarded Green’s function
—— is vital for understanding the properties of strongly correlated electron systems within embedding
and dynamical mean-field approaches. This task, at zero temperature, require both a precise ground
state approximation and a reliable method to time-evolve perturbed states.

On the one hand, existing classical algorithms — such as Density Matrix Renormalization Group
(DMRG) for Matrix Product States (MPS) or Natural Gradient Descent (NGD) for Neural Quantum
States (NQS) — can provide good approximations of ground states. However, simulating real-time
dynamics is a hard classical task, especially on perturbed states, where e.g. the MPS simulation
faces a quick entanglement growth with time and its associated increase in computational cost —
via the bound dimension.

On the other hand, variational Quantum algorithms for ground state estimation seem to be
doomed by Barren plateaus and decoherence. Inversely, entanglement growth during the time-
evolution of perturbed states is naturally handled by quantum computers.

This poster introduces a sampling-based subspace diagonalization algorithm for computing
retarded Green’s functions. The algorithm leverages a hybrid paradigm: the ground state is
approximated classically, while the time evolution of selected Gaussian states is performed using
quantum circuits. This strategy uses the respective strengths of both classical and quantum
platforms.

Detailed description  The conception of this algorithm has been inspired by the work in [2],
where a sampling-based subspace diagonalization algorithm is used to approximate the ground
state of a system by, starting from a reference state, sampling Gaussian states from Quantum
Krylov states. Indeed, the approximated ground state is computed by diagonalizing exactly the
Hamiltonian of the system in the subspace spanned by all the sampled Gaussian states. But this
algorithms relies on the ability to prepare the initial reference state with a non-trivial overlap with
the true ground state of the system on a quantum computer, which is known to be a difficult task.

In our algorithm, the ground state is computed classically — with DMRG for MPS or NGD
for NQS — and expressed in its associated Natural Orbitals (NO) basis to improve its sparsity.
Because we are interested in computing the retarded Green’s function, the approximated ground
state is classically perturbed with a creation or an annihilation operator. Then, important Gaussian
states in the perturbed state are individually loaded on quantum circuits and time-evolved for
sampling new Gaussian states and defining a subspace in which the Hamiltonian of the system is
projected and exactly diagonalized. An approximated Green’s function in the subspace of sampled
Gaussian states is finally computed.

The Single Impurity Anderson Model is used as a benchmark model for this new numerical
method. In [1], Bravyi & Gosset proven the exponential decay of the Natural Orbitals Occupation
Numbers (NOONSs), i.e. the few-body nature or the sparsity of the ground state of impurity models
in their NO basis. This limits the number of initial Gaussian states to be individually loaded on
quantum circuits and the overall cost of the method for impurity models.

[1] Bravyi, Sergey and Gosset, David Complezity of Quantum Quantum-Centric Algorithm for Sample-Based Krylov
Impurity Problems Communications in Mathematical Diagonalization Arxiv, 2501.09702 (2025).
Physics 356, 451 (2017).

[2] Jeffery Yu and Javier Robledo Moreno et al
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Improving Quantum Memory Efficiency with Approximate Error Correction

Thibault Desrousseaux',* Eva M. Gonzilez-Ruiz', Pierre Cussenot!-2, Audrey Bienfait?, and Nicolas Sangouard!
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Quantum architectures that integrate quantum memories offer a scalable path to fault-tolerant
quantum computing. By leveraging long-lived storage, they enable the execution of large-scale algo-
rithms with processors that are several orders of magnitude smaller than those required in conventio-
nal processor-only architectures [1, 2]. In envisioned implementations, standard solid-state qubits —
such as superconducting circuits or silicon spin qubits, which naturally couple to microwave photons
— are interfaced with solid-state memories functioning as a microwave-photon qubit register, where
the address of each qubit is identified by a temporal and a spatial index [3-5]. Photon-echo storage
techniques are particularly promising, as they intrinsically provide large photon storage capacity [6],
high efficiency [7-9], and long storage times [10, 11]. A central question in this context, and a cru-
cial step toward fault tolerance, is how the processor can be exploited to actively enhance the perfor-
mance of the memory. Here, we first identify the dominant source of noise in photon-echo techniques
and show that it can be modeled as an amplitude-damping channel. We propose using the [[4,1,2]]
Leung’s code [12] to perform approximate quantum error correction of amplitude-damping and im-
prove the memory efficiency and storage time. We suggest implementing error-correction—enhanced
microwave storage using a four-transmon-qubit processor coupled to a solid-state memory based on a
CaWOy, crystal doped with 17Yb3T [11]. We demonstrate that approximate error correction beyond
the break-even point is achievable, even when realistic noise sources in the processor are taken into
account. This proposal paves the way for a short-term experimental demonstration of a quantum light

storage improved with error correction.

[1] C. Gidney, "How to factor 2048 bit RSA integers
with less than a million noisy qubits", preprint at
https ://doi.org/10.48550/arXiv.2508.18645 (2025).

[2] E. Gouzien and N. Sangouard, "Factoring 2048-bit RSA In-
tegers in 177 Days with 13436 Qubits and a Multimode Me-
mory", Phys. Rev. Lett. 127, 140503 (2021).

[3] M. Teller, S. Plascencia, S. Grandi and H. de Riedmatten,
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031053 (2025).

N. Jiang, YF. Pu, W. Chang et al. "Experimental realization of
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[5] Y.-F. Pu, N. Jiang, W. Chang, H.-X. Yang, C. Li, and L.-M.
Duan, Experimental realization of a multiplexed quantum me-
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Systematic description of 1D interacting spin chain using phase-space and tensor
networks methods

Christian de Correc,* Denis Lacroix, and Corentin Bertrand

Quantum computer technologies have significantly progressed in the last decades, allowing for

the simulation of more and more qubits.

We have reached a milestone today where around
a hundred noisy qubits can be manipulated to simulate complex systems.

In this context,

the parallel development of efficient classical computer methods to treat at least approximately
huge Hilbert spaces is crucial both for (i) pushing the limits of today’s more powerful classical
computer capabilities and (ii) for providing benchmark comparisons with results obtained using
novel quantum platforms. A good candidate of classical methods, although restricted to systems
having low entanglement evolution, is tensor-network-based approaches, such as Matrix-Product
States (MPS) [7]. Recently, following a technique developed previously in many-body systems [4],
the Phase-Space Approximation (PSA) has been proposed as a way to simulate qubits entanglement,
keeping the numerical cost extremely low compared to other classical computer techniques. The
PSA is a technique to connect the quantum and classical worlds [1]. This method can also be used
to map a quantum evolution into a statistical average of classical evolution. The approach of [4] has
been exported with some success in Ref [3, 5] to describe neutrino oscillations on qubits, and more
recently on qutrits [6]. Due to its polynomial computational cost, it has proved to be tractable even
for several hundred neutrinos with accurate results (up to 300 qutrits equivalent to 450 qubits have
been simulated so far). It has been successfully applied to many problems ranging from condensed
matter, nuclear physics, and astrophysics. The PSA approach is not exact, and its predictive power
still needs to be carefully analyzed against other classical computer approaches dedicated to a large

number of qubits.

In this contribution, the PSA and tensor network (MPS) approximations are used to simulate 1D
interacting spin chains. Specifically, we used the Ising model with k nearest neighbor interactions,
with varying k from the nearest neighbor case (relevant for condensed matter [8]) to the all-to-all
interaction case (relevant for nuclear physics [9]). We systematically analyze the predictive power
of both approaches, also varying the interaction strength between spins, from the perturbative to
the strong interaction regimes. We show that the PSA approach improves the mean-field picture
by being able to describe accurately dissipative effects in one-body observables, regardless of the
interaction strengths and types. However, although it improves in the limit of all-to-all interaction,
it is not suitable for describing the entanglement entropy of a subsystem formed of more than one
qubit. The MPS approach [2]|, depending on the bond dimension that is used, was also able to
describe all types of entanglement, for all Hamiltonians, including the all-to-all case, provided that

the entropy does not grow too fast as expected.
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stochastic methods with applications to quantum optics
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Interfence in the double Kibble-Zurek mechanism
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Quantum simulation of dynamical systems is one of the most promising directions for near-term
quantum computing. Our aim is to investigate the crossing of a phase transition in the Ising chain on
a Rydberg quantum simulator.

For a slow enough evolution, this is described by the Kibble-Zurek mechanism that predicts uni-
versal results linked to the critical indices of the phase transition. Due to technical reasons it is not
possible to simulate the phase transition from Paramagnetic to Ferromagnetic state on this neutral
atom platform. Previous works have overcome this difficulty by simulating a phase transition belon-
ging to the same universality class [1].

Instead we propose to cross twice the phase transition, starting and finishing in the Ferromagnetic
state. Preliminary numerical simulations showed us that the number of defects is independent by the
direction of crossing the phase transition, therefore we would expect to double the density of defects
in the adiabatic limit. Instead we find a more rich mechanism, the excited states generated by the first
crossing accumulate a relative phase which causes interference during the second crossing.

By making use of the free fermions representation of the Ising chain we are able to average out the
oscillations, but still the density of defects does not follow the expected behaviour. We are currently
investigating the nature of the discrepancy between our first prediction and the numerical simulations.

[1] S.Ebadi et al., Quantum Phases of Matter on a 256-Atom Pro-
grammable Quantum Simulator, Nature 595, 227 (2021).
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Noise tailoring for error mitigation and for diagnozing digital quantum computers
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3Univ. Grenoble Alpes, CEA, Grenoble INP, IRIG, PHELIQS, 38000 Grenoble, France

Error mitigation (EM) is essential for extracting reliable physics from noisy intermediate-scale
quantum (NISQ) processors [1]. Popular EM techniques such as zero-noise extrapolation (ZNE) [2]
work best when hardware noise matches simplified models (e.g. purely stochastic Pauli or depolari-
zing channels). In practice, device noise often departs from those assumptions, limiting EM efficacy.

In this work [3], we introduce Noise Tailoring (NT) : a sampling-based strategy that eshapes the
effective noise on two-qubit gates to any arbitrary Pauli channel (typically depolarizing), thereby
aligning hardware noise with the assumptions of a chosen EM protocol. Our workflow couples (i)
randomized compiling (RC) to suppress coherent errors and convert raw gate noise into an effective
Pauli channel [4, 5]; (ii) a lightweight Pauli noise tomography (PNT) to estimate local Pauli rates
on each junction; and (iii) NT, which draws additional Pauli dressings so that averaging over the
dressed circuit ensemble implements the target channel. In our implementation, NT is paired with
noise estimation circuits (NEC) [6], an EM method previously validated by the present authors on
NISQ hardware [5].

Two key features make NT practical. First, the target depolarizing strength on each junction is
chosen to minimize the error-amplification factor o = NeNoT / Fypc (here 7 is the NT sampling
overhead per CNOT and Fngc the NEC fidelity), balancing sampling cost against mitigation gain.
Second, we deploy a crosstalk-aware variant (cCRC + cNT) that includes nearest-neighbor couplings
in the tomography and tailoring steps.

We benchmark NT on a three-qubit BCS-quench simulation at depths exceeding 102 CNOTs.
Classical emulations using PNT-calibrated Pauli noise show that NT+NEC reduces the average error
(over a set of local Pauli observables and times) by up to a factor ~ 5 compared to NEC alone, with
improvements attributable both to a moderate reduction of overall noise strength and, crucially, to
structural homogenization into a depolarizing form. Hardware runs on IBM devices reveal that finite-
sampling NT amplifies small non-Pauli contributions (e.g. residual coherent errors from incomplete
RC, non-Markovian drift, and single-qubit noise), which can offset the mitigation gains at practical
shot budgets. We show that this same sensitivity turns NT into a diagnostic : by contrasting classi-
cal and experimental traces and exploiting the 4NoNOT amplification, one can isolate and quantify
coherent vs. stochastic components, providing guidance for hardware optimization.

Beyond NEC, NT is compatible with ZNE and other mitigation strategies that benefit from depola-
rizing models; it also enables noise engineering, suggesting applications to the near-term simulation
of open quantum systems where aligning device noise with a desired bath model is advantageous.
Overall, NT offers a flexible bridge between characterization, mitigation, and benchmarking in the

NISQ regime.

[1] J. Preskill, “Quantum computing in the NISQ era and beyond,” tum computation via randomized compiling,” Phys. Rev. A 94,
Quantum 2,79 (2018). 052325 (2016).

[2] K. Temme, S. Bravyi, and J. M. Gambetta, “Error mitigation [5] H. Perrin, T. Scoquart, A. Shnirman, J. Schmalian, K. Snizhko,
for short-depth quantum circuits,” Phys. Rev. Lett. 119, 180509 “Mitigating crosstalk errors by randomized compiling : Simula-
(2017). tion of the BCS model on a superconducting quantum compu-

[3] T. Scoquart, H. Perrin, and K. Snizhko, “Noise tailoring for er- ter”, Phys. Rev. Research 6, 013142 (2024).
ror mitigation and for diagnozing digital quantum computers”, in [6] M. Urbanek, B. Nachman, V. R. Pascuzzi, A. He, C. W. Bauer, W.
preparation (2025). A. de Jong, “Mitigating depolarizing noise on quantum compu-
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Photon catalysis for general multimode multi-photon quantum state preparation
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Viet Nguyen and Andrea Cosentino
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Multimode multiphoton states are at the center of many photonic quantum technologies, from
photonic quantum computing to quantum sensing. In our work [1], we derive a procedure to
generate exactly, and with a controlled number of steps, any such state using a bounded number of
experimentally feasible optical operations, namely multiport interferometers, photon additions and
photon-number-resolving (PNR) detectors. At variance with the previous attempts [2—4], our result
is the first fully general and concise solution to this problem, allowing for precise estimation of the
necessary resources — a task of practical significance that extends beyond quantum-state engineering.

Our approach draws an exceptional connection between ideas from quantum information theory
and algebraic geometry, relying on established but previously unrelated correspondences: between
quantum states and polynomials (via the stellar formalism), and between polynomials and tensors.
This connection, beyond its application to our problem, opens a fertile and novel bridge between state
engineering and algebraic methods: first, using Waring decomposition, we derive a general photon
catalysis protocol that can be reinterpreted either as an instance of boson sampling or Gaussian
boson sampling, depending on the concrete setup chosen to implement the photon additions; then,
by invoking the Alexander-Hirschowitz theorem, we establish upper bounds on the number of
required catalysis photons and Gaussian operations. Furthermore, we formulate a new tensor
decomposition method leading to the optimal preparation protocol, for which the analytical solution
is provided for general multimode 2-photon states. Finally, we note that this bridge extends
beyond merely theoretical territories: on the one hand, transformations on polynomials map to
experimentally accessible operations; on the other hand, existing numerical and symbolic tensor
decomposition algorithms can be leveraged for computational purposes, which we confirm by a
flexible implementation using JAX library.

[1] A. Aralov, E. Gillet, V. Nguyen, A. Cosentino, M. Walschaers, generation of arbitrary multimode entangled states of light with
and M. Frigerio. Photon catalysis for general multimode multi- linear optics.  Phys. Rev. A, 68:042325, Oct 2003. doi:
photon quantum state preparation. 2025. URL https:// 10.1103/PhysRevA.68.042325. URL https://link.aps.
arxiv.org/abs/2507.19397. org/doi/10.1103/PhysRevA.68.042325.

[2] G. De Gliniasty, P. Bagourd, S. Draux, and B. Bourdoncle. [4] D. A. Kopylov, C. Offen, L. Ares, B. Wembe, S. Ober-Blobaum,
Simple rules for two-photon state preparation with linear optics. T. Meier, P. R. Sharapova, and J. Sperling. —Multiphoton,
In 2024 IEEE International Conference on Quantum Computing multimode state classification for nonlinear optical circuits.
and Engineering (QCE), volume 01, pages 706-711, 2024. doi: Phys. Rev. Res., 7:033062, Jul 2025.  doi:10.1103/sv6z-
10.1109/QCE60285.2024.00088. vlgk. URL https://link.aps.org/doi/10.1103/
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Plasma Modes in Fluxonium Qubits
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The fluxonium qubit [1], consisting of a small Josephson junction (JJ) shunted by a large induc-
tance from a long junction array [2], combines long coherence times with strong anharmonicity.
However, such arrays also introduce stray capacitances to ground. The interplay of stray capaci-
tances with the inductance leads to collective excitations of the JJ array, known as plasma modes,
whose frequencies decrease as the array size increases, thereby opening additional loss channels that
limit coherence [3, 4]. To address this, we introduce a dry-etching step that removes silicon sub-
strate around the fluxonium loop, reducing stray capacitance by 60—70%. This shifts plasma modes
to higher frequencies while preserving qubit coherence, providing a simple route to engineer the
electromagnetic environment of superconducting qubits.

To interpret our measurements, we developed a microscopic model of the fluxonium circuit and
its electromagnetic environment. Following the approach of Nigg et al. [5] and Smith et al. [6],
we compute the circuit’s linear admittance—using an ABCD-matrix description—to extract the re-
sonance frequencies, impedances, and zero-point phase fluctuations of the plasma modes. These
quantities are incorporated into the effective fluxonium Hamiltonian [5], enabling direct quantitative
comparison with spectroscopy data. From this analysis, we extract key device parameters, including
capacitances,inductances, and quality factors that identify microscopic loss channels.

Our framework captures the observed qubit—-mode hybridization and avoided crossings, and links
them directly to device parameters. By combining optimized fabrication with microscopic modeling,
we establish a path to designing fluxonium qubits with engineered environments and reduced losses.

[1] Manucharyan, V. E., Koch, J., Glazman, L. I. and Devoret, M.
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In quantum computing, quantum error correction techniques are essential to render quantum sys-
tems sufficiently robust to noise and capable of performing useful digital algorithms. One particularly
simplified and widely studied noise model is the quantum erasure channel [1], in which qubits can
independently at random be sent to the maximally-mixed state, undergoing a random Pauli error to be
determined upon syndrome measurement, and with the decoder being aware of the erasure positions.
Although simplified, the erasure channel provides valuable insights for analyzing the performance
of quantum codes and decoding algorithms, which can prove useul for more realistic noise models.
Moreover, some physical platforms can transform their native errors into erasures [2], which greatly
simplifies the task of syndrome decoding.

In both the classical and quantum settings, the erasure decoding problem admits a maximum-
likelihood decoder based on Gaussian elimination. However, its cubic complexity becomes prohibi-
tive for large systems, and the same approach is not applicable to more realistic channels, which has
motivated the development of iterative decoding algorithms with lower computational complexity at
the expense of some loss in decoding performance. Among those are message-passing algorithms
such as belief propagation (BP), which has many variations and can be applied to different noise
models, including in the quantum setting. For the erasure channel, the simplest form of BP is the
peeling decoder.

The peeling decoder iteratively solves a linear system by solving equations with a single unknown
variable, potentially giving rise to new single-variable equations, until it completely solves the era-
sure or reaches a stopping set, for which no such single-variable equations remain. In the context
of classical LDPC codes, the peeling decoder performs well [3], but in the quantum setting the very
presence of low-weight stabilizers hinders its performance by inducing small stopping sets.

To counter this issue, peeling variants such as pruning [4] were proposed, along with BP variants
such as BP with Guided Decimation [5]. Building on the idea of the VH decoder introduced in [4] for
HGP codes, the cluster peeling decoder was proposed in [6] generalizing the idea to the broader class
of CSS codes, and providing a mechanism to balance runtime complexity and decoding performance
by tuning a parameter.

In a similar fashion, this work aims to adapt the Maxwell decoder [7] to the quantum CSS case, by
introducing guessing mechanisms to the peeling and pruned-peeling decoders. The resulting decoder
attains maximum likelihood performance, with complexity no larger than that of Gaussian elimina-
tion. By limiting the number of available guesses, one can obtain a linear time decoder, in exchange
for some of the decoding performance.

[1] M. Grassl, Th. Beth, and T. Pellizzari, "Codes for the quantum
erasure channel", Phys. Rev. A 56, 33-38 (1997).
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density codes for transmission in a channel with erasures.", Pro-
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The precise control of quantum systems is crucial for advancing quantum technologies. However,
practical implementations often suffer from uncertainties in system parameters, which can degrade
control performance. Additionally, energy cost of quantum technologies is a matter of increasing
importance, which naturally leads to the question of energy cost of quantum control. To address
these challenges, we investigate how to design control protocols which are energetically efficient and
which remain effective in the presence of small perturbations.

We consider a two-level quantum system and formulate the control problem using the Pontryagin
Maximum Principle (PMP) [1]. To solve it, we apply the GRAPE algorithm—a gradient-based nume-
rical method—to optimize the control field that drives the system from a chosen initial state to a
desired target state. Robustness is ensured by modeling an ensemble of systems with small variations
in a key Hamiltonian parameter, and the control field is optimized to maximize the average fidelity
across the ensemble while simultaneously minimizing its energy cost.

Our results demonstrate that high-fidelity quantum control can be achieved despite parameter un-
certainties, and at a lower energy cost when compared to standard methods like STA (shortcut-to-
adiabaticity). We also observe a trade-off between robustness and energy cost, which can be adjusted
based on the needs of specific applications. This framework opens pathways for robust control in
more complex systems and with alternative optimization techniques.

[1] C. L. Latune, M. B. Puthuveedu Shebeek, D. Sugny, S. Gué- URL: https://arxiv.org/abs/2503.20130.
rin, “Energy shortcut of quantum protocols by optimal control”,
arXiv :2503.20130 (2025).
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Quantum Optimal Control (QOC) [1] is a powerful framework to design tailored control fields
that steer quantum systems efficiently while minimizing cost functions such as operation time and
infidelity. These optimized controls enable high-fidelity operations that are robust against common
experimental imperfections, including decoherence from environmental coupling [2, 3]. Thus, the
development of this toolkit is a requirement for large-scale industry-ready quantum technologies.

The optimal control fields obtained however can vary greatly depending on the system parame-
ters (energy levels, coupling strength, etc.). Experimentally, those parameters are known up to a
given precision and fluctuate over time. To circumvent this limitation, and obtained experimental-
compatible control fields, robustness conditions can be introduced in the formulation of the QOC. In
that case, the control field steers the studied system with a high fidelity despite small perturbations
in the system parameters.

In our proof-of-concept study, we focus on a two-level quantum system including a static fluctua-
tion on the driving field power. We solved analytically the robust optimal control problem in terms
of Jacobi integrals and elliptic functions, up to one free parameter that can be found numerically [4].
This greatly reduces the complexity of the original analytical problem, with a qualitative understan-
ding of the robust control problem.

Those advancements can be directly applied to state-of-the-art quantum system such as the NV
center in diamond [5], a promising platform for advanced quantum information processing [6-9]. As
a preliminary demonstration, we apply standard quantum optimal control techniques to multi-spin
systems —here two coupled spins— and report performance that significantly surpasses conventional
Rabi-based protocols in both speed and fidelity. These results highlight the essential role of optimal
quantum control in advancing spin-based architectures toward large-scale quantum technologies.

[1] Q. Ansel et al., J. Phys. B : At. Mol. Opt. Phys. 57, 133001 [5S] M. W. Doherty et al., Phys. Rep. 528, 1 (2013)
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[3] H. Sun et al., APL Quantum 2, 016134 (2025) [8] G. Waldherr et al., Nature 506, 204 (2014)
[4] O. Fresse-Colson et al., Phys. Rev. A, 112, 022618 (2025) [9] M. H. Abobeih ef al., Nature 606, 884-889 (2022)
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Strategies for new-generation ion trap devices dedicated to quantum computing
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Trapped-ion platforms are leading-edge technologies for various applications in the quantum field,
such as optical atomic clocks [1] and quantum information processing devices [2]. They are also
used to study fundamental aspects of quantum physics, such as high-precision spectroscopy [3] or
sympathetic cooling [4], which have applications for antimatter studies [5]. Trapped-ion based qubits
offer long coherence times and high-fidelity gates [6], which are advantageous for the development
of large-scale quantum computers. One of the remaining challenges for the trapped-ion platform is
achieving high-fidelity entanglement and precise control of qubits as their number grows. To tackle
this challenge, several developments are being implemented : including the integration of photonic
circuits into ion surface traps in order to steer all the laser beams required for the preparation, control
and detection of individual qubits [7]. On the qubit connectivity side, two-dimensional ion trap arrays
could implement the so-called QCCD architecture [8]. .

We will present the investigation of some of these strategies in the frame of our project project
aiming at the building of a universal quantum computer based on dipolar Rydberg interaction gates.
This type of quantum gate benefits from a sub-microsecond gate time, which makes it among the
fastest gates realized in trapped-ion systems [9]. Despite a relatively low two-qubit gate fidelity,
experimental improvements are expected to reduce the two-qubit gate error to 0.19 % [9], making
this system a strong candidate for the realization of an universal trapped-ion quantum computer.
We will discuss how to build a new-generation trap suitable for a large-scale quantum computer, by
incorporating most of the optical beam steering into integrated photonic circuits and expanding the
number of entanglement zones within a surface Paul trap. State-of-the-art integrated photonic circuit
enable the propagation of the wavelenghts required for the preparation, 1-qubit gate and detection of
Sr88+ ions using Si3N4-based waveguides [7]. Furthermore, to expand the number of entanglement
zones in a single device, we will discuss the assests of the trap designs for the implementation of
QCCD architecture through an adiabatic transport protocol. [10]

[1] A.D. Ludlow, M. M. Boyd, J. Ye, E. Peik, and P. O. Schmidt, "Optical
atomic clocks", Rev. Mod. Phys. 87, 637-701 (2015)
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Multi-photon processes in periodically driven quantum systems have been identified as a versatile
tool for engineering and controlling nontrivial interactions in various quantum technology platforms.
Compared to resonant control, they offer the advantage that novel effective interactions can be me-
diated via the virtual population of other off-resonant states, and also that the control frequency can
be far removed from the relevant system frequencies. This crucial feature breaks the usual trade-off
between the ability to apply fast control operations and the requirement to shield the quantum system
from its environment. For example, in Ref. [1], a subharmonic driving scheme was used to induce
Rabi oscillations between two states of a heavily shielded fluxonium qubit, by applying a control
signal at only one-third to one-eleventh of the qubit’s transition frequency.

We present a general theoretical framework for evaluating multi-photon processes in periodically
driven quantum systems [2]. While in many use cases, the effective dynamics that is generated by a
periodic modulation can already be well approximated by second-order perturbation theory, this is
clearly no longer possible for the higher-order processes mentioned above. To achieve the accuracy
required for such applications, the resulting effective coupling rates, as well as any drive-induced
frequency shifts, must be determined with very high precision. Here, we employ degenerate Floquet
perturbation theory together with a diagrammatic representation of multi-photon processes to deve-
lop a systematic and automatable approach for evaluating the effective dynamics of driven quantum
systems to arbitrary orders in the drive strength. We provide a sample Python code that automates
the evaluation of higher-order processes for arbitrary system Hamiltonians and perturbation opera-
tors [3].

As a specific example, we demonstrate the effectiveness of this framework by applying it to the
study of multi-photon Rabi oscillations in a superconducting fluxonium qubit, finding excellent
agreement between our theoretical predictions and exact numerical simulations, even in parameter
regimes where previously known methods are no longer applicable.

[1] J. Schirk, F. Wallner, L. Huang, I. Tsitsilin, N. Bruckmoser, L. 030315 (2025).
Koch, D. Bunch, N. Glaser, G. Huber, M. Knudsen, G. Krylov, [2] L. Huang, J. Luneau, J. Schirk, F. Wallner, C. M. F. Schnei-
A. Marx, F. Pfeiffer, L. Richard, F. Roy, J. Romeiro, M. Singh, L. der, S. Filipp, K. Liegener, and P., "Theory of Multi-photon Pro-
Sodergren, E. Dionis, D. Sugny, M. Werninghaus, K. Liegener, cesses for Applications in Quantum Control", arXiv :2509.16074
C. Schneider, and S. Filipp, "Subharmonic Control of a Fluxo- (2025).
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Towards a measurement based model of computation for electronic flying qubits
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In his book Understanding Quantum Technologies, Ezratty [9] identifies nine categories of quan-
tum objects used to implement quantum hardware, grouped into three families : atomic systems, elec-
trons and microwave cavities, and flying carriers. Atomic platforms (ions, neutral atoms, Rydberg
arrays) exploit laser-controlled interactions for high-fidelity gates, while electrons and microwave
cavities encompass superconducting circuits, spin qubits, and hybrid cavity-QED setups.

Flying carriers include photons and electrons propagating in guided structures. In photonic plat-
forms—considered serious candidates for scalable quantum computing [15]— photons act as mobile
qubits that can be easily routed, entangled via beam splitters, and locally measured. Their mobility
naturally supports quantum communication and distributed computation. To exploit these features, an
alternative to the circuit model, Measurement-Based Quantum Computing (MBQC) [14], performs
computation through adaptive measurements on pre-entangled cluster states. Diagrammatic calculi
such as the ZX-calculus [5, 11] offer a formal tool for translating between MBQC and circuits, and
clarify the correction protocols ensuring determinism [1]. They also apply to fusion-measurement
schemes for fault-tolerant photonic architectures [7].

A resembling scenario emerges with electronic flying qubits [8], where information is carried by
fermions whose antisymmetric statistics demand a shift from bosonic to fermionic computation.
Following Lloyd’s early ideas of unconventional devices [13] and the resulting Local Fermionic
Mode model of Bravyi and Kitaev [2], fermionic circuits can be given a universal gate set. Building
on the ZW-calculus [4, 10], de Felice et al. introduced a diagrammatical calulus for LFM circuits [6].
More recently, Carette et al. gave an axiomatisation of a fragment of this calculus encapsulating
matchgate circuits [3], which are known to correspond to local fermionic optics (LFO) [12]. As the
one-way model of MBQC is particularly well-suited to photonic computing, it is natural to wonder
whether a similar model could be developed for fermions. In this poster, we investigate how such

diagrammatic tools could lead to a measurement-based framework for fermionic flying qubits.
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Creating protected superconducting qubits is essential for building a quantum computer with lim-
ited resources. This can be achieved by exploiting a symmetry in the system [1] and encoding the |0)
and |1) wavefunctions in different parities. An example is known as the cos 2(;3 protected qubit [2],
which exploits the parity of the number of Cooper pairs on a superconducting island. This qubit is
the quantum version of the Kapitza pendulum [3], and can be viewed as an oscillator with two stable
positions. Various implementations of this qubit have been proposed and realized [4-9]; however,
while very exciting, their performances are inherently limited for reasons I will discuss.

Here I propose a novel approach using two voltage-biased Josephson junctions connected to a
single superconducting island, which forms a pure cos 2@ element robust against disorder and in-
sensitive to flux. I will discuss our progress towards its implementation and the impact of voltage
noise. Our proposal shows an alternative approach to qubit protection that circumvents the usual

limitations.

[1] A. Gyenis, A. Di Paolo, J. Koch, A. Blais, A. Houck, and D.
I. Schuster, "Moving beyond the Transmon: Noise-Protected
Superconducting Quantum Circuits", PRX Quantum 2, 030101
(2021).

[2] W. C. Smith, A. Kou, X. Xiao, U. Vool, and M. H. Devoret, "Su-
perconducting circuit protected by two-Cooper-pair tunneling",
npj Quantum Information 6, 8 (2020).

[3] PL. Kapitza, "Pendulum with vibrating suspension", UFN, 44
720 (1951).

[4] A. Di Paolo, A. L. Grimsmo, P. Groszkowski, J. Koch, and
A. Blais, "Control and coherence time enhancement of the 0-7
qubit", New J. Phys 21, 043002 (2019).

[5] A. Coppo, L. Chirolli, N. Poccia, U. Vool, and V. Brosco, "Flux-
tunable regimes and supersymmetry in twisted cuprate hetero-
structures”, Appl. Phys. Lett. 125, 054001 (2024).

* jean-samuel.tettekpoe @neel.cnrs.fr

61

[6] Z. Wang and A. H. Safavi-Naeini, "Quantum control and noise
protection of a Floquet 0-7 qubit", Phys. Rev. A 109, 042607
(2024).

[7]1 T. W. Larsen, M. E. Gershenson, L. Casparis, A. Kringhgj, N.

J. Pearson, R. P. G. McNeil, F. Kuemmeth, P. Krogstrup, K. D.

Petersson, and C. M. Marcus, "Parity-Protected Superconductor-

Semiconductor Qubit", Phys. Rev. Lett. 125, 056801 (2020).

M. T. Bell, J. Paramanandam, L. B. Ioffe, and M. E. Gershenson,

"Protected Josephson Rhombus Chains", Phys. Rev. Lett. 112,

167001 (2014).

W. C. Smith, M. Villiers, A. Marquet, J. Palomo, M. R. Del-

becq, T. Kontos, P. Campagne-Ibarcq, B. Dougot, and Z. Leghtas,

"Magnifying Quantum Phase Fluctuations with Cooper-Pair

Pairing", Phys. Rev. X 12, 021002 (2022).

(8]

(91



Towards microwave-activated Controlled-Z gate with Fluxonium
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Recently, the Fluxonium [1] has emerged as a promising superconducting qubit due to high cohe-
rence times achieving the millisecond [2, 3] and by the demonstration of high-fidelity single-qubit
[2] and two-qubits gates [3—6]. However, the mitigation of the residual qubit-qubit interaction re-
mains an important challenge. Dynamical control of the residual interaction is usually achieved via
tunable-coupling elements [3] but the high anharmonicity of the Fluxonium allows for a coupler-free
approach where microwaves tones are used to leverage the AC Stark shift and effectively supress
the qubit-qubit coupling. This effect can also be used to increased the interaction naturally imple-
menting a Controlled-Z (CZ) gate [5, 6]. The present project aims at investigate the scalibility of
this approach in a three-Fluxonium architecture. As for now, we have characterized a device hos-
ting two-capacitively coupled Fluxonium qubits. The qubits have demonstrating relaxation times
Ty = 16.03 us, Ramsey decoherence time 7.7 = 9.4 ps and Echo decoherence time T3 = 9.07 ps.
Individual single qubit randomized benchmarking have also been performed showing an average
physical single-qubit gate fidelity of F = 99.1 %. Additionally, we measured a qubit-qubit interaction
rate of 1)z = 0.507 MHz and we have shown that driving the system close to the |00) — |30) tran-
sition suppresses the interaction rate below 72 = 110 kHz while driving it close to the [10) — |20)
and |01) — |02) transitions was resulting in a coupling nzz = 7.277 MHz.

[1] V. E. Manucharyan et al, Science Volume 326 (2009). Fluxo- An Alternative Qubit Platform for High-Fidelity Operations
nium : single Cooper pair circuit free of charge offsets [5] H. Xiong et al, Phys. Rev. Research 4, 023040 (2022). Arbitrary
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Frequency-Flexible Two-Qubit Fluxonium Gates with a Trans- with Slow Qubits : Microwave-Activated Controlled-Z Gate on
mon Coupler. Low-Frequency Fluxoniums

[4] F. Bao et al, Phys. Rev. Lett. 129, 010502 (2022). Fluxonium :
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Towards Quantum Energetic Advantage in Boson Sampling
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Understanding the energetic efficiency of quantum computers is essential for their scalability and
implementation. While the computational advantage of quantum computers has been widely studied
and has motivated their development, the concept of a quantum energetic advantage—where a quan-
tum computer completes tasks using less energy than the best classical counterparts—has recently
emerged, adding a new layer of motivation for advancing quantum technologies [1].

In this work, we examine the energy cost required by a photonic quantum computer to solve the
boson sampling problem. Boson sampling involves generating samples from the output distribution
of indistinguishable photons passing through a linear optical network — a problem that quickly be-
comes intractable for classical computers, and showcases a quantum computational advantage. Using
the Metric-Noise-Resource (MNR) framework — a systematic approach to quantify and optimize re-
source consumption of quantum devices [1] — we identify the control parameters, performance me-
tric, noise processes and resource consumption of the problem, and perform a quantitative analysis
of the trade-off between the quality and quantity of the photons. Moreover, we compare the energetic
cost per sample for classical and quantum implementations, see Fig.1. Using state of the art classical
algorithms [2] and supercomputers [3] as a baseline for classical energy consumption, we show the
existence of a quantum energetic advantage of photonic computers for boson sampling, even before
the regime of computational advantage (grey area in Figs. 1 and 2). In addition, we compare the ener-
getic cost of generating samples for Boson Sampling with samples from Random Circuit Sampling —
a sampling task showcasing a quantum advantage for gate-based quantum computers — and we find
that photonic computers are more energy efficient than superconducting computers for these tasks.

This study underscores the importance of integrating energy efficiency into the design of quantum
technologies. Demonstrating the potential for a quantum energetic advantage in boson sampling ex-
tends the value of quantum computation beyond mere speed-up, emphasizing energy efficiency as a
critical factor in the future of scalable quantum systems. As quantum devices evolve toward practical
applications, energy considerations should play a pivotal role in their development and optimization.
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FIGURE 1 — Energy per sample for quantum (Egmp]es) and classical
(Escamples) computers as a function of the number of idealized photons
Mop. The quantum energy per sample points are colored according to
the transmission efficiency, as indicated by the color bar. The hori-
zontal blue line is the energy consumed by the Sycamore processor

to produce one random circuit sample [4].
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[1] M. Fellous-Asiani, J. H. Chai, Y. Thonnart, H. K. Ng, R.
S. Whitney, and A. Auffeves, Optimizing resource efficiencies for
scalable full-stack quantum computers, PRX Quantum 4, 040319
(2023).

[2] P. Clifford and R. Clifford, Proceedings of the 29th annual
ACM-SIAM Symposium on Discrete Algorithms (2018).

[3] TOP500 “°23rd Green500 List” (2024).

[4] F. Arute et al., Quantum supremacy using a pro- grammable
superconducting processor, Nature 574, 510 (2019).



Trapped and cooled 88Sr+ ions in a cylindrical potential provided by a micro-fabricated ring trap
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Laser-cooled trapped ions platform is one of the best candidates for the development of future
quantum computing. This has generated a major worldwide research effort aimed at scaling and
integrating trapping devices. As part of this effort, we are developing miniature atomic ion traps in
the laboratory : Paul linear surface traps manufactured in collaboration with Nanyang Technology
University and the Microelectronics Institute of Singapore. An original feature of the manufacturing
process is that all the electrical contacts of the trap electrodes are made through the Silicon substrate
(TSV : through silicon vias). In this way, the wire-bondings usually soldered directly to the electrodes
can be offset or completely eliminated [1]. This opens the way to complex architectures, in particular
cylindrically symmetrical ring traps, which cannot be made with surface connections that would
break the desired symmetry.

The trapping and laser cooling of ions in cylindrically symmetrical linear Paul traps (called "ion
storage rings" in their macroscopic version, diameters of around 100 mm) was demonstrated in pio-
neering work at Garching [2] and subsequently extended to microfabricated traps (multilayer tech-
nology) at Sandia National Labs (diameter 2.5 mm) [3] and Berkeley (diameter 95 pm) [4]. These
devices are of interest because, in the absence of defects, they enable rotational symmetry for the
trapped ions and thus periodic boundary conditions for the confined cold ion system (Coulomb crys-
tal). They are also candidates for observing and manipulating the rotational quantum state of trapped
ion ensembles [4].

We will present our latest results concerning the performance of TSV surface ring traps (diame-
ters between 150 and 210 pum) manufactured in Singapore. In particular, we loaded these traps with
Doppler-cooled ®¥Sr ions (from a single ion to several hundreds). Laser cooling and image acqui-
sition enable us to estimate the defects of the trapping potential with respect to perfect rotational
symmetry. The application of DC voltages to a set of segmented electrodes then makes it possible to
compensate for most of these defects, which nevertheless remain the major problem to be solved in
order to achieve sub milikelvin free motion.

[1] P. Zhao et al., Appl. Phys. Lett. 118, 124003 (2021). [3] B. Tabakov ef al., Phys. Rev. Applied 4, 031001 (2015).
[2] 1. Waki et al., Phys. Rev. Lett. 68, 2007 (1992). [4] E. Urban et al., Phys. Rev. Lett. 123, 133202 (2019).

* lilay.gros-desormeaux @etu.u-paris.fr
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Unifying Floquet Theory of Longitudinal and Dispersive Readout
Alessandro Chessari'

YUniversité Grenoble Alpes,
IRIG-MEM-L_Sim, 38000 Grenoble, France

In the context of circuit quantum electrodynamics (cQED), fast qubit measurements rely on the
mechanism of dispersive readout [1, 2] : a transverse interaction between the two lowest levels of a
superconducting artificial atom and a resonator shifts the frequency of the resonator, enabling quan-
tum non-demolition (QND) measurements. Recently, a longitudinal interaction had been proposed
as a way to perform faster-than-dispersive measurements [3].

Longitudinal interactions have been demonstrated across platforms ranging from superconducting
qubits to quantum dots, and rely on driving the qubit at the resonator frequency. In different regimes,
the coupling emerges parametrically in the drive strength, allowing to increasing its strength increa-
sing the drive strength. However, existing theories rely on small-drive approximations, leaving open
the question of whether this parametric scaling persists at strong drive.

Such a situation calls for a unified description, embracing different devices and regimes. We devise
a Floquet theory [4] to establish a universal connection between AC Stark shift, longitudinal coupling
and dispersive readout in cQED. We find that an effective longitudinal interaction arises from the
slope of the Floquet spectrum while a dispersive shift arises from the curvature.

We derive semi-analytical results supported by exact numerical calculations, which we apply to
superconducting and spin cQED settings, providing a unifying, seamless and simple description of
longitudinal and dispersive readout in generic cQED systems.

Our approach unifies the adiabatic limit, where the cavity dynamics is so slow that the longitu-
dinal coupling results from the static spectrum curvature, with the diabatic one, where the static
spectrum plays no role. We find that the parametric regime breaks down at strong drive, where it
overestimates the longitudinal coupling emerging from the Floquet spectrum. In particular, we find
sudden degradations of the readout at very particular frequencies in the adiabatic regime. These arise
from anticrossings in the Floquet spectrum due to couplings between distant replicas in the Floquet
spectrum which causes the suppression of the longitudinal coupling. On the other hand, these sup-
pressions are absent in the diabatic regime, where higher replica processes at strong drives play no
roles.

We have already experimentally demonstrated the breakdown of the parametric regime in a two-
level quantum dot charge qubit [5] and and we plan to investigate spin-qubit architectures where
strong spin-photon coupling enables an experimental realization of our theory [6].

[1] A. Blais, R.-S. Huang, A. Wallraff, S. M. Girvin, and R. J. lippone, Phys. Rev. Lett. 134, 037003 (2025).
Schoelkopf, Phys. Rev. A 69, 062320 (2004). [5] V. Champain, S. Zihlmann, A. Chessari, B. Bertrand, H. Niebo-
[2] S. Park, C. Metzger, L. Tosi, M. F. Goffman, C. Urbina, H. Po- jewski, E. Dumur, X. Jehl, V. Schmitt, B. Brun et al., PhysRe-
thier, and A. L. Yeyati, Phys. Rev. Lett. 125, 077701 (2020). vApplied 23, 034067 (2025).
[3] N. Didier, J. Bourassa, and A. Blais, Phys. Rev. Lett. 115, 203601 [6] Cécile X. Yu, Simon Zihlmann, José C. Abadillo-Uriel, Vincent
(2015). P. Michal, Nils Rambal, Heimanu Niebojewski, Thomas Bede-
[4] A. Chessari, E. A. Rodriguez-Mena, J.C. Abadillo-Uriel, V. carrats, Maud Vinet, Etienne Dumur, Michele Filippone, Benoit
Champain, S. Zihlmann, R. Maurand, Y.-M. Niquet, and M. Fi- Bertrand, Silvano De Franceschi, Yann-Michel Niquet and Ro-

main Maurand, Nature Nanotechnology 18, 741-746 (2023).
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Using Bifluxon tunneling to protect the fluxonium qubit
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Univ. Grenoble Alpes, CNRS, Grenoble INP, Institut Néel, 38000 Grenoble, France

Sébastien Léger
Department of Applied Physics, Stanford University, Stanford, California 94305, USA

Encoding quantum information in quantum states with disjoint wave-function support and noise
insensitive energies is the key behind the idea of qubit protection. While fully protected qubits are
expected to offer exponential protection against both energy relaxation and pure dephasing, sim-
pler circuits may grant partial protection with currently achievable parameters. Here, we study a
fluxonium circuit in which the wave-functions are engineered to minimize their overlap while be-
nefiting from a first-order-insensitive flux sweet spot. Taking advantage of a large superinductance
(L ~ 1 pH), our circuit incorporates a resonant tunneling mechanism at zero external flux that
couples states with the same fluxon parity, thus enabling bifluxon tunneling. The states |0) and |1)
are encoded in wave-functions with parities O and 1, respectively, ensuring a minimal form of pro-
tection against relaxation. Two-tone spectroscopy reveals the energy level structure of the circuit and
the presence of 47 quantum-phase slips between different potential wells corresponding to m = +1
fluxons, which can be precisely described by a simple fluxonium Hamiltonian or by an effective bi-
fluxon Hamiltonian. Despite suboptimal fabrication, the measured relaxation (77 = 177 + 3 us) and
dephasing (TF = 7545 us) times not only demonstrate the relevance of our approach but also opens
an alternative direction towards quantum computing using partially-protected fluxonium qubits.

" .
wael.ardati@neel.cnrs.fr T quentin.ficheux @neel.cnrs.fr

¥ nicolas.roch@neel.cnrs.fr
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A new interconnection platform for neutral atom arrays

Yi Li,* Sébastien Garcia, and Alexei Ourjoumtsev
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Advances in the manipulation of arrays of individual Rydberg atoms have demonstrated the po-
tential of the latter for quantum information[1]. However, actual applications in quantum computing
will require millions of logical qubits, themselves encoded on tenths of single atoms. The number of
atoms in a single array will reach a limit (on the order of 10%), defined by the available laser power,
the field of view offered by high-NA optics or the resolution of spatial light modulators defining the
geometry of the array. This limit calls for the development of distributed quantum processing, which
requires quantum interconnections. Our proposal for this necessary development is a platform that
will allow the connection of atomic processors through an intracavity Rydberg superatom.

By coupling an atomic cloud to a medium-finesse cavity and driving it to a highly excited state,
we can achieve a collective two-level system called a superatom [2]. The main advantage of such a
platform is that the collective coupling of the atomic cloud to the cavity bypasses the challenges for
a high-finesse cavity and the high sensitivity of Rydbergs atoms to nearby dielectric surfaces. In our
group, the coherent mapping of the state of the superatom onto a free-propagating photonic qubit has
been demonstrated [3].

Building on this scheme, we propose trapping an array of atoms, via optical tweezers, next to the
atomic cloud within the cavity mode. The aim is to entangle the individual atom with the superatom,
then map the superatom onto a free-propagating light mode. This will result in an entangled single-
atom single-photon state, forming a building block to distribute entanglement between distant single-
atom arrays.

[1] Bluvstein, D., Evered, S.J., Geim, A.A. et al. Logical quantum single-shot detection, and optical 7 phase shift, Phys. Rev. X 12,
processor based on reconfigurable atom arrays. Nature 626, 58- 021034 (2022).
65(2024). [3] Magro, V., Vaneecloo, J., Garcia, S. et al. Deterministic freely
[2] J. Vaneecloo, S. Garcia, A. Ourjoumtsev, Intracavity Rydberg propagating photonic qubits with negative Wigner functions.
superatom for optical quantum engineering : Coherent control, Nat. Photon. 17, 688-693 (2023).

* yi.li@college-de-france.fr
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Quantum Hydrodynamics with paraxial fluid of light
in hot atomic vapor
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Abstract

An emerging topic in modern quantum optics is the study of light as a many-body system.

When photons acquire an effective mass (in cavities or in paraxial geometries), and inter-
actions through the presence nonlinear media, they display collective behaviors similar to
those of quantum fluids. This perspective has given rise to two complementary approaches:
microcavity polaritons and paraxial propagation in nonlinear media.
Building on a long tradition of quantum optics at LKB, I will review some landmark achieve-
ments of the paraxial fluids of light platform (1): from the observation of superfluidity (2)
and solitons (3) to analog models of out-of-equilibrium phase transitions (4). I will then focus
on recent works with rubidium vapors, where we study turbulent dynamics (5), dispersive
shock waves and Bose-Bose mixture (6).

Future works about the generation of a macroscopic states of Mott insulator of light will
be presented as an outlook for the field.

(1) Q. Glorieux, C. Piekarski, Q. Schibler, T. Aladjidi, M. Baker-Rasooli.
Paraxial fluids of light
Advances In Atomic, Molecular, and Optical Physics, 74, 157-241, (2025)

(2) Q Fontaine, T Bienaimé, S Pigeon, E Giacobino, A Bramati, Q Glorieux
Observation of the Bogoliubov dispersion in a fluid of light
Physical review letters 121 (18), 183604 (2018)

(3) M Baker-Rasooli, T Aladjidi, NA Krause, AS Bradley, Q Glorieux
Observation of Jones-Roberts solitons in a paraxial quantum fluid of light
Physical Review Letters 134 (23), 233401(2025)

(4) M Abuzarli, N Cherroret, T Bienaimé, Q Glorieux
Nonequilibrium prethermal states in a two-dimensional photon fluid.
Physical Review Letters 129 (10), 100602 (2022)

(5) M Baker-Rasooli, W Liu, T Aladjidi, A Bramati, Q Glorieux
Turbulent dynamics in a two-dimensional paraxial fluid of light
Physical Review A 108 (6), 063512 (2023)
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(6) C Piekarski, N Cherroret, T Aladjidi, Q Glorieux
Spin and density modes in a binary fluid of light
Physical Review Letters 134 (22), 223403 (2025)
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The accurate determination of low-energy eigenstates in strongly correlated quantum systems is
a long-standing challenge in quantum chemistry and condensed matter physics, as classical me-
thods face exponential scaling with system size. Hybrid quantum-classical strategies have emerged
as practical alternatives for noisy intermediate-scale quantum (NISQ) devices, but they often suffer
from either deep circuit requirements or large measurement overheads. In this work, we introduce the
Variational Quantum Subspace Method (VQSM), a variational approach that combines the efficiency
of symmetry-preserving cost functions with the robustness of subspace diagonalization. The method
iteratively generates variational trial states that span an orthonormal reduced subspace, within which
the Hamiltonian is classically diagonalized to extract ground and low-lying excited-state properties.
By construction, the symmetry-preserving cost functions ensure that only states within the targeted
quantum-number sector contribute to the optimization, allowing the use of shallow hardware-efficient
ansétze without sacrificing accuracy. Furthermore, the iterative subspace expansion naturally leads
to a tridiagonal structure reminiscent of Lanczos-based approaches, enabling fast geometric conver-
gence toward the dominant eigenvalues.

We benchmark the VQSM on hydrogen chain and ring systems (H4), demonstrating that chemical
accuracy is achieved with very shallow circuits and a limited number of iterations. Beyond ground-
state energies, the method also provides reliable estimates of excited-state observables, including
charge and spin gaps, thereby extending its applicability to spectroscopic and correlation-driven phe-
nomena. Importantly, the algorithm exhibits enhanced resilience to noise compared to standard varia-
tional approaches, owing to the explicit subspace construction and the reduced depth of the quantum
circuits. These results establish VQSM as a versatile and scalable variational framework that bridges
the gap between current NISQ capabilities and the long-term goal of accurate quantum simulations
of many-body systems. [1]

[1] Hamzat A. Akande, Alexandre Perrin, Bruno Senjean, and Mat-
thieu Saubanere, "Variational quantum subspace construction via
symmetry-preserving cost functions”, Phys. Rev. A.
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A Generalized Framework for Hong-Ou-Mandel Interferometry and its Applications to Quantum
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The Hong-Ou-Mandel (HOM) effect, originally observed as a two-photon interference phenome-
non, has proven to be a cornerstone in quantum optics and an insightful tool in quantum metrology.
While numerous extensions of the HOM effect have been proposed, they often lack a unified theo-
retical perspective that accounts for their metrological implications. In this work, we present a com-
prehensive and hierarchical framework that generalizes the HOM effect and systematically connects
it to precision measurement.

Our approach is built upon the central idea that the symmetry of the input quantum state under
the exchange of spatial modes is the fundamental feature underlying HOM interference [1]. Starting
from this principle, we first revisit the standard two-photon HOM effect and extend the concept to
multi-photon scenarios. We demonstrate that by characterizing the symmetry properties of arbitrary
input states, one can predict and control interference effects analogous to HOM, even beyond the
traditional two single-photon regime.

Building on this, we explore higher-order generalizations involving multi-mode interferometers
[2]. By considering the rotational symmetry of the interferometer modes, we establish a new frame-
work that encompasses our previously studied extensions and 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.

This unified viewpoint not only clarifies the operational meaning of extended HOM effects but also
paves the way for designing advanced quantum interferometric devices with enhanced metrological
capabilities.

Concidence
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detection

FIGURE 1. Schematics of the HOM interferometer.

[1] E. Descamps, A. Keller, and P. Milman, Time-frequency metrology with two single-photon states : Phase-space picture and the Hong-Ou-
Mandel interferometer, Physical Review A 108, 013707 (2023).

[2] E. Descamps, A. Keller, and P. Milman, The Role of Symmetry in Generalized Hong-Ou-Mandel Interference and Quantum Metrology,
arXiv :2508.09887 [quant-ph] (2025)
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Biphoton engineering with structured light on an AlGaAs chip
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Integrated quantum optics plays a key role in the development of quantum technologies : photons
propagate at the speed of light in optical fibers and are highly robust to decoherence, making them an
ideal platform for quantum communication. Furthermore, Their high sensitivity and versatility, both
in terms of controllability and the breadth of accessible degrees of freedom, make them highly promi-
sing candidates for quantum metrology, quantum simulation, and quantum computing. Our platform
consists of a waveguide microcavity emitting quantum states of light in a transverse pump configu-
ration via spontaneous parametric down-conversion (SPDC). In this configuration, a pump beam at
around 775 nm impinges on the top of the waveguide and generates counterpropagating photon pairs
in the C-band telecom window, which can be entangled in different degrees of freedom [1].

This architecture establishes a strong link between the spatial characteristics of the pump beam and
the properties of the generated quantum states. By exploiting standard beam-shaping techniques, bi-
photon states can be finely tailored. For example, manipulating the pump beam phase enables control
over the exchange symmetry of the two-photon wavefunction, allowing a continuous transition from
bosonic to anyonic exchange statistics [2]. Likewise, adjusting the pump beam intensity can be ex-
ploited to generate hybrid polarization-frequency entangled states [3].

Building upon this control, here we investigate applications in quantum metrology by comparing
the performance obtained by pumping the source with structured light to engineer different bipho-
ton wavefunctions. We demonstrate in particular that engineered Hermite-Laguerre-Gauss (HHLG)
modes exhibit remarkable robustness, enabling reliable information extraction even in finite visibility
configurations. The ability to tune spectral and temporal correlations further enhances the sensitivity
of measurement protocols, highlighting the potential of our platform for advanced quantum sen-
sing [5].

Altogether, these results highlight the versatility of AlGaAs chips as a source of tailored non-
classical states of light. Beyond fundamental control over biphoton properties, this approach opens
the way to the on-demand generation of complex quantum states—such as Schrodinger cat states
or compass states—that provide powerful new resources for both quantum metrology and quantum
information processing [4, 6].
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FIGURE 1 — Chronocyclic Wigner functions of hybrid modes : FIGURE 2 — Evolution of the ratio of Fisher Information (FI) to
(a) HG2 - LGoy ; (b) HG44 - LG4 4. Higher-order mode Quantum Fisher Information (QFI) as a function of visibility
exhibiting a broader distribution of temporal and spectral for different biphoton wavefunctions.

interference patterns

[1] F. Baboux, G. Moody and S. Ducci, Optica 10, 917 (2023) [5] N. Fabre et al., Phys. Rev A, 104(2), (2021).
[2] S. Francesconi et al. , ACS Photonics 8, 2764 (2021) [6] E. Descamps et al., 108, 013707 (2023)

[3] S. Francesconi et al., Photonics Research 11, 270 (2023)

[4] N. Fabre et al., Phys. Rev. A 102, 012607 (2020)
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Abstract

Spin defects in 2D materials have the potential to exhibit strong coherent coupling to acoustic
phonons at GHz frequencies. However, opto- and electro-mechanical techniques have not enabled
the coupling to such high frequency modes at very low temperature. We have recently demonstra-
ted piezoelectric microwave-acoustic transduction on lithium niobate acoustic waveguides [1]. Our
technique is based on SQUID arrays, and by using a small magnetic flux, our transducers are tunable
in-situ across the 4-7 GHz band.

Equipped with these transducers we are now aiming to perform the acoustic spectroscopy of 2D
materials and thin films in the quantum regime. We are developing devices that harness thermal
contractions and piezoelectric actuation in order to control the static stress while probing the acoustic
response at GHz frequencies. This technique could be instrumental for the study of new spin defects
in 2D materials.

I will present our optimal microwave-acoustic transducers as well as our progress towards acoustic
spectroscopy under controlled static stress.

[1] A. Hugot et al, to appear in Nature Electronics
(arXiv.2501.09661)

* maxime.tomasian @neel.cnrs.fr
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Integrated Photonics for Quantum Sensing Applications
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Diamond technology is undergoing remarkable expansion across diverse technological domains.
Diamond has established itself in power electronics due to its ultra-wide bandgap (5.5 eV) and
exceptional thermal conductivity (2200 W/m-K) [1]. Beyond electronics, its optical properties in-
cluding a large transparency window (225 nm to 25 pm), a high refractive index (n &~ 2.4) and
minimal birefringence make it a material of choice for integrated photonics applications [2]. The
presence of optically active nitrogen-vacancy (NV) color centers further enables room-temperature
quantum sensing with nanometric spatial resolution, particularly for magnetometry [3, 4]. Recent
development of NV-doped thin-film growth by a few specialized groups has created new opportuni-
ties for integrated photonic quantum sensing platforms.

In this work, we focus on the fabrication of submicron diamond structures for quantum sensing
applications including neuronal signal detection [5] (Fig. 1) and endoscopic NV magnetometry (Fig.
2) [6, 7]. We developed optimized reactive ion etching (RIE) protocols that achieve good selectivity
and minimal surface roughness. Our process enables deep etching up to 6 pm while maintaining
smooth sidewalls, critical for high-performance photonic devices. We have successfully optimized
RIE-ICP etching parameters for improved submicron structuring of diamond, achieving high-quality
microdisks (Fig. 3a) and nanopillar arrays (Fig. 3b, ¢) while minimizing the redeposition of residual
products. As perspectives, we are working on the development of under-etching techniques for the
fabrication of diamond pedestal structures and on the development of hybrid photonic structures
combining diamond and ZnS materials for improved light-matter interaction [8].
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Figure 1: Diamond nanopillar arrays for quantum Figure 2: Fiber endoscope for NDT -Kwantek [6]
microscopy of neuronal signals [5]
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Figure 3: (a) Diamond microdisk with a top layer of resist, (b) Diamond nanopillars etching,

(¢) Zoom in nanopillars.

[1] J. Butler, et al., “Diamond for Power Electronics: Ultra-Wide
Bandgap and Thermal Conductivity Advances,” Power Elec-
tron. J., 12, 45-60 (2024).

[2] P. K. Shandilya, et al., “Diamond Integrated Quantum
Nanophotonics: Spins, Photons and Phonons,” Journal of
Lightwave Technology, 40, 7538-7571 (2022).
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Privacy in distributed sensing with Gaussian graph states

Jason Pereira! and Damian Markham!*
LLIP6, CNRS, Sorbonne Université, 4 Place Jussieu, Paris F-75005, France

Distributed sensing is the task of estimating a global function of parameters of remote systems. In
the discrete variable (DV) setting, graph states can be used for this task [1, 2]. Various parties, each
holding a qudit of a graph state, can use their local state as a probe of some local, parametrised, uni-
tary dynamics. That is (as illustrated in Fig. 1), party z applies the unitary e*?=H= to their local state,
for some unknown local parameter ¢, and known, fixed Hamiltonian H,. Then, via an appropriate
choice of local measurements, the parties are able collaborate to estimate a linear function of the
local parameters, f({¢z}) = >, az¢, (for some coefficients {a, }). Crucially, for certain encoding
unitaries, this protocol has two important properties : enhanced sensitivity and privacy.

Enhanced sensitivity means that the parties can learn the function f({¢.}) more efficiently (in
terms of the number of uses of the encoding unitary) than could be achieved by any strategy that
estimates the individual, local parameters and then calculates f({¢.}) using the estimates. This is
true even if the local strategy uses entanglement with an idler system.

Privacy means that it is not possible to gain any information about the local parameters that is not
contained in the value of f({¢,}). In other words, if we calculate the QFI matrix of the encoded
state (with regard to the parameters { ¢, }), it will have only one non-zero eigenvalue, corresponding
to the eigenvector with components {a, }. We can also phrase this as “any party can hide any other
party’s local parameter value".

In the continuous variable (CV) setting, distributed sensing protocols have been proposed using
Gaussian graph states [3]. These demonstrate enhanced sensitivity (now defined in terms of local
strategies with probes of the same energy), but do not have privacy in the same sense as in the DV
case [4]. A natural question is therefore whether there can exist a distributed sensing protocol, using
Gaussian graph states as a resource, that can demonstrate both privacy and enhanced sensitivity.

We show, with a simple no-go result, that Gaussian states do not allow perfect privacy for any set of
encoding unitaries. We therefore study how close we can get to privacy using Gaussian graph states
as a resource, in order to bound the maximum level of privacy achievable for a Gaussian distributed
sensing protocol.

FIGURE 1. Each party locally applies an encoding unitary with an
unknown parameter. Here, H is the same Hamiltonian for every
party, but more generally it could be specific to each party. The goal
is to estimate ZI ¢z, rather than the individual parameter values.

[1]T N. Shettell and D. Markham, "Graph States as a Resource for [3] X. Guo et al., "Distributed quantum sensing in a continuous va-
Quantum Metrology", Phys. Rev. Lett. 124, 110502 (2020). riable entangled network", Nat. Phys. 16, 281-284 (2020).

[2] L. Bugalho et al., "Private and Robust States for Distributed [4] A. de Oliveira Junior et al., "Privacy in continuous-variable dis-
Quantum Sensing", Quantum 9, 1596 (2025). tributed quantum sensing", arXiv preprint (2025).
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Probing direct spin-phonon interactions with bulk acoustic wave resonators

Q. Greffe, T. Chaneliere, and J. J. Viennot
Univ. Grenoble Alpes, CNRS, Grenoble INP, Institut Neel, 38000 Grenoble, France

Understanding spin-phonon interactions is essential for solid-state quantum technologies that ex-
ploit the spin degree of freedom. In order to probe the resonant coupling of solid-state spin defects to
strain fields, we developed a technique to bond thin-film lithium niobate transducers onto arbitrary
samples. We then engineer high overtone bulk acoustic wave resonators (HBAR) in crystals hosting
spin defects and we probe them at microwave frequencies and 50 mK. Our technique does not require
fabrication processes on the target crystal and only requires two parallel polished faces to achieve
relatively high quality factors. In CaWO4 crystals doped with Er3+ ions, Y2SiO5 crystals doped
with Er3+ ions, we demonstrate acoustic paramagnetic resonance and we unveil the anisotropy of
spin-phonon interactions.
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Probing the quantum motion of a macroscopic mechanical oscillator with a radio-frequency

superconducting qubit
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3Laboratoire de Physique de I’Ecole Normale Supérieure,
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4Google Quantum Al, Santa Barbara, CA
5Quantr0nics group, Université Paris-Saclay, CEA,
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Long-lived mechanical resonators like drums oscillating at MHz frequencies and operating in the
quantum regime offer a powerful platform for quantum technologies and tests of fundamental phy-
sics [1]. Yet, quantum control of such systems remains challenging, particularly owing to their low
energy scale and the difficulty of achieving efficient coupling to other well-controlled quantum de-
vices. Here, we demonstrate repeated, and high-fidelity interactions between a 4 MHz suspended si-
licon nitride membrane and a resonant superconducting heavy-fluxonium qubit [2—4], representing,
to our knowledge, the first realization of resonant coupling in such a hybrid system at record-low
frequencies. The qubit is initialized at an effective temperature of 21 uK and read out with 77 %
single-shot fidelity. During the 6 ms lifetime of the membrane the two systems swap excitations
more than 300 times. After each interaction, a state-selective detection is performed, implementing a
stroboscopic series of weak measurements that provide information about the mechanical state. The
accumulated records reconstruct the position noise-spectrum of the membrane, revealing both its
thermal occupation at 10 mK and the qubit-induced back-action. By preparing the qubit either in its
ground or excited state before each interaction, we observe an imbalance between the emission and
absorption spectra, proportional to ny, and ny, respectively, a hallmark of the non-commutation of
phonon creation and annihilation operators. Since the predicted Didsi—Penrose gravitational collapse
time [5, 6] is comparable to the measured mechanical decoherence time, our architecture enters a
regime where gravity-induced decoherence could be tested directly [7].

[1] Aspelmeyer, M., Kippenberg, T. J. & Marquardt, F. Cavity opto-
mechanics. Reviews of Modern Physics 86, 1391-1452 (2014).

[2] Manucharyan, V. E., Koch, J., Glazman, L. & Devoret, M. Fluxo-
nium : single cooper pair circuit free of charge offsets. Science
326, 113-116 (2009).

[3] Zhang, H. et al. Universal fast flux control of a coherent, low-
frequency qubit. Physical Review X 11, 011010 (2021).

[4] Najera-Santos, B.-L. et al. High-sensitivity ac-charge detection
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Quantum sensing of a quantum field

Ricard Ravell*!, Mart{ Perarnau-Llobet?, and Pavel Sekatski®
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Abstract

Estimating a parameter encoded in unitary dynamics is a fundamental and well-understood
task in quantum metrology. A textbook scenario where it is encountered is the estimation of
the amplitude of a classical field with a two-level probe, as exemplified in the semi-classical
Rabi model. Starting with this example, we here explore its fully quantum analog where a
two-level atom is coupled to a coherent quantized field via the resonant Jaynes-Cummings
interaction. To compare the limits of field amplitude in the semi-classical and the fully quan-
tum models we focus on the quantum Fisher information (QFI) of the reduced state of the
atomic probe after the interaction.

In the semi-classical Rabi model the QFI is independent from the field amplitude and grows
quadratically with the interaction time. In contrast, when the atom interact with a single
field mode prepared in a coherent state, the QFI has a complicated dependence on time
and field amplitude, and is furthermore bounded by a constant that can only be attained in
the weak field limit. When the atom interacts with a sequence of coherent states, the QFI
can increase with time, but is ultimately bound to a linear scaling due to the production
of entanglement between the atom and the radiation (back-action). Finally, in the continu-
ous limit, where the atom interacts with many weak coherent states, this back-action has a
simple interpretation as spontaneous emission, giving rise to an optimal interaction time.
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Quantum-State Tomography of Ultrafast High-Harmonic Light from Solids

Houssna Griguer', David Theidel', Ilya Karuseichyk', Mateusz Weis', Mackrine Nahra', and Hamed Merdji'*
! Laboratoire d’Optique Appliquée, CNRS — ENSTA Paris — Institut Polytechnique de Paris,
828 Boulevard des Maréchaux, 91762 Palaiseau, France

High-harmonic generation (HHG) in solids has become a central platform for attosecond science, provi-
ding access to strong-field electron dynamics in condensed matter and enabling the generation of broadband
frequency-comb-like coherent light in the IR-UV range [1, 2]. Recent experiments have challenged the pure
coherent-state hypothesis by showing that HHG emission exhibits intrinsic quantum features, including multi-
mode squeezing and violations of Cauchy—Schwarz-type inequalities [3, 4], firmly establishing the presence of
non-classical correlations between harmonic orders.

While photon-correlation measurements certify the non-classical nature of the emission, the underlying quan-
tum state of HHG light remains unknown, as full quantum-state tomography has not yet been achieved. Perfor-
ming tomography on such sources presents major experimental challenges : the short pulse duration, low photon
flux, broad spectral bandwidth inherent to solid-state HHG pose immense constraints on the quality and stability
of the local oscillator required for phase-sensitive quadrature measurements.

To address this gap, we have developed a homodyne detection platform optimized for HHG photons emitted
from semiconductor materials. Combined with spatially resolved correlation imaging, it will enable reconstruc-
tion of the Wigner function and density matrix of individual harmonic orders, providing the first phase-space
characterization of light generated in the strong-field non-perturbative regime. As a perspective, we explore
quantum-enhanced imaging schemes leveraging the unique spectral and temporal properties of HHG photons,
extending attosecond metrology into the quantum domain.

[1] F Krausz and M. Ivanov, “Attosecond physics,” Rev. Mod. Phys. and H. Merdji, “Evidence of the quantum optical nature of
81, 163-234 (2009). doi :10.1103/RevModPhys.81.163 high-harmonic generation,” PRX Quantum 5, 040319 (2024).
[2] S. Ghimire and D. A. Reis, “High-harmonic generation from doi :10.1103/PRXQuantum.5.040319
solids,” Nat. Phys. 15, 10-16 (2019). doi :10.1038/s41567-018- [4] D. Theidel, H. Griguer, V. Cotte, P. Heinzel, M. Weis, R. Son-
0315-5 denheimer, and H. Merdji, “Observation of a displaced squee-
[3] D. Theidel, V. Cotte, R. Sondenheimer, V. Shiriaeva, M. Froi- zed state in high-harmonic generation,” Phys. Rev. Research 7,
devaux, V. Severin, A. Merdji-Larue, P. Mosel, S. Frohlich, 033223 (2025). doi :10.1103/PhysRevResearch.7.033223
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Resources for bosonic metrology: quantum-enhanced
precision from a superselection rule perspective
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Abstract

Quantum optics and atomic systems are prominent platforms for exploiting quantum-
enhanced
precision in parameter estimation. However, not only are quantum optical and atomic sys-
tems often
treated separately, but even within quantum optics, identifying optimal probes (quantum
states)
and evolutions (parameter-dependent dynamics) typically relies on case-by-case analyses.
Mode, and
sometimes only particle entanglement, can yield quantum enhancement of precision in continuous-

and discrete-variable regimes, yet a clear connection between these regimes remains elu-

sive. In

this work, we present a unified framework for quantum metrology that encompasses all
known

precision-enhancing regimes using bosonic resources. We introduce a superselection rule
compliant

representation of the electromagnetic field that explicitly incorporates the phase reference,
enforcing

total particle number conservation. This approach provides a description of the electromag-
netic

field which is formally equivalent to the one employed in atomic systems, and we show how
it

encompasses both the discrete and the continuous limits of quantum optics. Within this
framework,

we consistently recover established results while offering a coherent physical interpretation
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of the

quantum resources responsible for precision enhancement. Moreover, we develop general
strategies to

optimize precision using arbitrary multimode entangled probe states. Finally, our formalism
readily

accommodates noise, measurement strategies and non-unitary evolutions, extending its ap-
plicability

to realistic experimental scenarios.
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Towards Direct Detection of Dark Matter by Precision Molecular Spectroscopy

Florin Lucian Constantin®*
Y Laboratoire PhLAM, CNRS UMR 8523, Université de Lille, 59655 Villeneuve d "Ascq, France

Dark matter makes the majority of the matter in our Universe, but its nature is unknown. Ultra-

light bosonic dark matter (UBDM), formed of 0-spin, sub-eV-mass particles, is expected to behave
as a classical field coherently oscillating at the corresponding Compton frequency. UBDM couples
to the Standard Model (SM) particles and yields oscillations of the fundamental constants (FC), that
translate into oscillations of the frequencies of atomic and molecular transitions and of the lengths of
solids.
The experiment [1] aims to monitor oscillations of the fine structure constant « and proton-electron
mass ratio p by absorption spectroscopy at 1.5 um of gas-phase acetylene. A laser emitting at fre-
quency fr, probes an acetylene transition at frequency f,o; = fr, and provides a spectroscopic
signal proportional with the fractional frequency detuning :

(fL(t) = fmat(W))/fL(t) = (Qq — Q") Aat)/a+(Q — Q') Au(t)/n M
that is expressed here with the sensitivity coefficients Qi’m"l = % to the variation of

X = a, u. The rovibrational transitions of the acetylene are sensitive to y—variations with sensi-
tivity coefficients calculated by the molecular theory in ref. [2].

The experiment exploits a laser at 1542 nm, stabilized on a Fabry-Perot cavity resonance with 10~1°-
level fractional stability at 1 s, continuously referenced against a hydrogen maser at Observatoire de
Paris, and disseminated to remote geographical locations through REFIMEVE'’s stabilized optical
fiber links [3]. The acetylene spectrometer developed at PALAM performs linear absorption spec-
troscopy measurements that are synchronized against the time reference provided by the GPS. The
spectral components of the noise of the spectroscopic signal, sensitive to FC oscillations in a fre-
quency range from 1 Hz and 1 GHz, can be subsequently converted into constraints of the couplings
of UBDM to SM particles.

This contribution will present the projections for the performances of this approach, ongoing expe-
rimental developments, data recording and exploitation procedures, and an evaluation of the perfor-
mances reached with the simplest experimental setup.

[1] F. L. Constantin, "Sensitivity to Dark Matter Couplings from Fre- v1 + v2 + va + vs Interacting Levels", Vibrational Spectroscopy
quency Measurements of Acetylene Optical Clocks", Proc. Joint 85, 228-234 (2016).
EFTF and IFCS, 10272076 (2023). [3] F. Guillou-Camargo et al , "First Industrial-Grade Coherent Fiber
[2] F. L. Constantin, "Sensitivity to Electron-to-Proton Mass Ratio Link for Optical Frequency Standard Dissemination", Appl. Opt.
Variation from 2C5 H5 Rovibrational Transitions to v1 + v3 and 57,7203-7210 (2018).
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A Fine-Grained Perspective on Indefinite Causal Order : Modelling Agents in Spacetime

E. de Bank!, V. Vilasini! and C. Branciard®*
Y Inria and Université Grenoble Alpes, 38042 Grenoble Cedex 9, France
2 CNRS and Université Grenoble Alpes, 38042 Grenoble Cedex 9, France

Causality is a fundamental concept that takes on markedly different forms in quantum and relati-
vistic theories. Yet in quantum information protocols implemented in spacetime, both notions must
coexist consistently. This raises compelling questions : How can we describe a measurement on a
quantum system in a superposition of spacetime locations ? Can an agent locally extract an outcome
from such a system without collapsing its spatiotemporal coherence ? We explore how such measu-
rements can be modelled within quantum information theory in a manner consistent with relativistic
causality.

This connects closely to questions about the physicality of indefinite causal order (ICO) [1] pro-
cesses, where the ordering of agents’ operations is not fixed or acyclic. Broadly, two categories of
approaches exist in this context :

(1) A coarse-grained perspective which exhibits indefinite causal order. For example, the frame-
work of quantum circuits with quantum control of causal order (QCQCs) [2] captures scenarios in
which a quantum system coherently controls the order of operations.

(2) A fine-grained perspective, in which such processes are embedded in spacetime in a way that
respects relativistic causality, where the process can be unravelled into one with a definite and acyclic
causal order between operations. The process box framework [3] is representative of this approach.

Our modelling of quantum measurements in spacetime informs how agents’ interventions can be
described within the fine-grained, definite-order picture, while still capturing the operational correla-
tions found in the coarse-grained ICO framework—ensuring each agent acts only once on a quantum
system that may be non-localised in spacetime.

Additionally, QCQCs are known not to violate causal inequalities. Our results investigate an al-
ternative derivation of QCQC correlations, based on quantum and relativistic causality principles
in spacetime, which can shed light on the limits of attainable correlations in quantum protocols in
spacetime. Finally, considering recent experimental claims for certifying non-classical correlations
in ICO processes, we analyse how they align with a fine-grained, spacetime-consistent interpretation
which can involve superpositions of arrival times. This can enable a better understanding of the phy-
sical resources responsible for these non-classical features in the fine-grained picture which accounts
for both quantum information and relativistic aspects.

[1] O. Oreshkov, F. Costa, and C. Brukner, Nature Communications [3] M. Salzger, “Connecting indefinite causal order processes
3, 1092 (2012), arXiv :1105.4464 [gr-qc, physics :quant-ph]. to composable quantum protocols in a spacetime,” (2023),
[2] J. Wechs, H. Dourdent, A. A. Abbott, and C. Branciard, PRX arXiv :2304.06735 [quant-ph].

Quantum 2, 030335 (2021), arXiv :2101.08796 [quant-ph].
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A Higher Order Theory for Fermions

Ved Kunte!*
YUniversité Grenoble Alpes, CNRS, Institut Néel, 38000 Grenoble, France

The circuit architecture of a typical quantum process can be theoretically formulated as a ‘box
with holes’ in which a party can plug in their local choice of transformations[1]. Such a box is
often called a ‘quantum supermap’ as it behaves as a map between maps. This way of formulating
quantum processes as supermaps allows us to study the causal relations between any given parties in
the process. By generalizing the notion of supermaps, one can even conceive processes that no longer
have a well-defined causal structure between the parties, leading to a phenomenon called ‘indefinite
causal order’ [4]. The theoretical framework to study all such processes, and supermaps in general,
is the ‘higher-order quantum theory’ [2].

We want to extend this analysis to indistinguishable quantum systems, specifically to fermionic
systems, by defining fermionic processes as higher order transformations in a similar fashion to
quantum theory. To that end, we construct a higher order theory for fermionic systems that general-
izes fermionic theory and can accommodate higher order transformations. This theory, which we dub
HOFT is constructed in an operational way by definition higher-order systems and the corresponding
state space as being isomorphic to transformations in fermionic theory. We then construct a channel
state map for fermions that allows us to derive a Fock space representation and of the ‘higher-order
states’ a la the second quantization formalism of the fermionic theory or the ‘mode picture’[3]. We
lay out the admissibility criteria for valid higher order states and define the composition rules, and
characterize higher order transformations. Finally, we look at ways to express fermionic processes
as higher order transformations and then derive the admissibility criteria for them as well.

[1] Giulio Chiribella, G Mauro D’Ariano, and Paolo Perinotti. 475(2225):20180706, May 2019.
Transforming quantum operations: Quantum supermaps. Euro- [3] Sergey B. Bravyi and Alexei Yu. Kitaev. Fermionic quantum
physics Letters, 83(3):30004, 2008. computation. Annals of Physics, 298(1):210-226, May 2002.
[2] lessandro Bisio and Paolo Perinotti. Theoretical framework for [4] Ognyan Oreshkov, Fabio Costa, and Caslav Brukner. Quantum
higher-order quantum theory. Proceedings of the Royal So- correlations with no causal order. Nat Commun, 3(1):1092, Oc-
ciety A: Mathematical, Physical and Engineering Sciences, tober 2012. arXiv:1105.4464 [gr-qc, physics:quant-ph].
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Communication-complexity of Quantum Distributed Algorithms
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Quantum computing is advancing rapidly, with breakthroughs bringing us closer to reliable devices
performing efficient high-end computation. Nowadays agents are connected globally through net-
works to perform complex joint tasks, and the next highly anticipated step is establishing a Quantum
Internet - operating in quantum networks. However, most current algorithms are designed for centra-
lized architectures - where a single processor implements the task - and do not translate directly to the
decentralized structure of quantum networks. While classical distributed networks already support
telecommunications, it remains unclear whether quantum methods can deliver concrete advantages
under realistic constraints. Since efficiency in distributed structures depends strongly latency restric-
tions, quantum advantage can be achieved with strategies that require fewer communication rounds
between agents in the network ; yet, there currently exists no method that can systematically deter-
mine the communication complexity of quantum distributed tasks, and consequently there is no way
to assert that a given task can have a quantum advantage in the distributed scenario.

In order to properly shape the future quantum internet and guide resource allocation as well as
the development of adequate algorithms, this work takes the first steps toward a robust mathematical
framework to determine communication-complexity of quantum distributed algorithms. We will dis-
cuss the current challenges and what can be learned from classical distributed algorithms - as well as
the limitations that this approach imposes. The current state of the art is presented in our paper [1],
where we can show quantum advantage to a specific task, but now we go beyond and introduce
recent results that pave the way to a general framework that can evaluate a quantum advantage to any
general task.

We adapt techniques from the field of quantum network nonlocality, namely quantum inflation [2],
to model communication between agents in a network. Using technique native to the community
of quantum information [3], we are able to obtain analytical results indicating the communication-
round complexity of the task we dub "cascaded CHSH-game". In this task, a network of N agents
connected in a line must cooperate to win a collection of bipartite CHSH games, while only being
allowed to send messages in one direction of the line. With this simple task, we are able to apply our
framework and derive a quantum communication-complexity bound. We also present other network
tasks that could be analyzed with our framework, and the next steps that must be taken to bring our
method to a fully developed analytical and numerical tool.

[1] Coiteux-Roy, X., d’Amore, F., Gajjala, R., Kuhn, F., Le Gall, Rosset, Antonio Acin, and Miguel Navascués. "Quantum infla-
F., Lievonen, H., Modanese, A., Renou, M.O., Schmid, G. and tion : A general approach to quantum causal compatibility." Phy-
Suomela, J., 2024, June. No distributed quantum advantage for sical Review X 11, no. 2 (2021) : 021043.
approximate graph coloring. In Proceedings of the 56th Annual [3] Supié, Ivan, and Joseph Bowles. "Self-testing of quantum sys-
ACM Symposium on Theory of Computing (pp. 1901-1910). tems : a review." Quantum 4 (2020) : 337.

[2] Wolfe, Elie, Alejandro Pozas-Kerstjens, Matan Grinberg, Denis
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Complete Self-Testing of a System of Remote Superconducting Qubits
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Self-testing protocols enable the certification of quantum systems in a device-independent manner,
i.e. without knowledge of the inner workings of the quantum devices under test. Here, we demons-
trate this high standard for characterization routines with superconducting circuits, a prime platform
for building large-scale quantum computing systems. We first develop the missing theory allowing
for the self-testing of Pauli measurements. We then self-test Bell pair generation and measurements
at the same time, performing a complete self-test in a system composed of two entangled supercon-
ducting circuits operated at a separation of 30 meters. In an experiment based on 17 million trials,
we measure an average CHSH (Clauser-Horne-Shimony-Holt) S-value of 2.236. Without relying on
additional assumptions on the experimental setup, we certify an average Bell state fidelity of at least
58.9% and an average measurement fidelity of at least 89.5% in a device-independent manner, both
with 99% confidence. This enables applications in the field of distributed quantum computing and
communication with superconducting circuits, such as delegated quantum computing.

untrusted system

a
measurement
: state preparation
727 trusted Zboratory

i
1

FIGURE 1. Experimental setup. a, Schematic representation of a self-testing scheme. In each trial, A and B choose the measurement bases x
and y using trusted random number generators, and the two parties record the measurement outcomes a and b. The untrusted setup (magenta)
consists of all devices relevant for generating a Bell state and for performing a Bell test. b, Schematic illustration of the experimental setup.
At the two nodes A and B each, a superconducting circuit qubit is operated in a dilution refrigerator. The two nodes are remotely connected
through a 30-meter-long microwave waveguide to generate entanglement between the two qubits. Each node operates a trusted random number
generator (RNG) and measurement signal detection device (analog-to-digital converter, ADC). The untrusted setup, represented in a magenta
box, is marked with a magenta triangle, the trusted part with a green triangle.
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Difficulties in learning quantum strategies with variational quantum circuits : a differential
approach to the geometry of the quantum set

Sacha Cerf, Harold Ollivier*
QAT team, DIENS, Ecole Normale Supérieure, PSL University,
CNRS, INRIA, 45 rue d’Ulm, Paris 75005, France

The quantum correlations set, often denoted O, is the collection of all possible probability dis-
tributions on measurement outcomes achievable by space-like separated parties sharing a quantum
state. It is well established that this set is larger than what can be explained by classical physics. In
his seminal work, Tsirelson [1] initiated the systematic study of the quantum set as a mathematical
construct, which has so far mainly been conducted using algebraic and convex geometry techniques.
In this work, we explore a more analytical approach to Q by considering infinitesimal perturbations
of state—-measurement combinations, and the induced response on the associated correlation. Using
this technique in the n22 scenario (n parties, two dichotomic measurements), we mathematically
prove a hardness result on the learning of quantum strategies for nonlocal games. Learning a quan-
tum strategy can be understood as optimizing, over a parametrized family of quantum states and
measurements, the expected payoff of a nonlocal game. This problem can typically be approached
using a variational quantum circuit, combining a parametrized state preparation stage with input-
adaptive measurement angles. Nonlocal games thus provide a controlled and analytically tractable
setting to study generic features of quantum variational optimization. In this setting, we show that
any variational circuit ansatz using parametrized unitaries only exhibits a local optimum at points
corresponding to optimal classical strategies, even when the game admits a strictly better quantum
strategy. Our results indicate that local optima may arise purely from constraining the optimization
to pure states, implying that incorporating parametrized non-unitary CPTP maps could enhance the
trainability of quantum machine-learning models. Apart from this practical outreach, we believe that
this result has theoretical consequences for the geometry of Q, specifically that its faces are flat
around any local deterministic point.

[1] B. S. Tsirel’son, "Quantum analogues of the Bell inequalities",
Journal of Soviet Mathematics 36, 557-570 (1987).
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We study a class of Matrix Product Density Operators endowed with an algebraic structure [1]
and address the problem of defining a meaningful coarse-graining procedure for the corresponding
tensor networks. We then analyze the trajectories that emerge from generic perturbations of known
fixed points, tracing their flow toward potential new fixed points. Beginning with the case of group
algebras, which is closely related to Toric Code states, we identify all possible new fixed points.
Building on this, we propose a generalization to arbitrary finite-dimensional Hopf algebras, where
the coarse-graining steps are naturally described in terms of successive convolutions of states. In this
framework, the classification of new fixed points is tied to the characterization of idempotent states
in Hopf algebras.

[1] A. Ruiz-de-Alarcon, J. Garre-Rubio, A. Molnar, and D. Pérez-
Garcfa, "Matrix product operator algebras II : phases of matter
for 1D mixed states", Lett. Math. Phys. 114(2), 43 (2024).
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Feynman [1] remarked that the spin—statistics theorem is one of the few rules in physics that can
be simply stated yet whose proof requires the full machinery of relativistic quantum field theory. A
central implication of this theorem is that fermions cannot be composite bosons. This naturally raises
the question : can there exist an elementary, non-relativistic proof of this fact ?

Bell’s theorem [2] provides a paradigm for such elementary arguments : it rules out classical (local
hidden-variable) models under the minimal assumption of causality. It proves that quantum systems
such as qubits—carried, for instance, by bosons—cannot be simulated by classical bits of infor-
mation, and hence that bosonic correlations cannot be reproduced by any composition of classical
particles. Inspired by this framework, we devise a fermionic thought experiment whose outcome
shows that fermions cannot be composite bosons, following reasoning analogous to that of Bell’s
theorem.

Our thought experiment is framed in the context of distributed quantum networks and based on
concepts from Distributed Computing. Within this setting, we prove the existence of a set of fer-
mionic correlations that admits no local hidden-qubit model and is stronger than Bell nonlocal cor-
relations obtained with qubits. This demonstrates that standard Quantum Information Theory is not
sufficient to represent information carried by indistinguishable fermions in distributed contexts. The
assumptions of our thought experiment remain simple : causality is preserved, and the parties in-
volved are distributed and therefore have no knowledge of the network topology. Hence, our result
provides an information-theoretic, non-relativistic proof of the fundamental fermion—boson distinc-
tion implied by the spin—statistics theorem.

[1] R. P. Feynman, The Character of Physical Law, MIT Press 1, 195-200 (1964).
(1965).
[2] J. S. Bell, “On the Einstein—Podolsky—Rosen paradox,” Physics
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Major recent developments in quantum technologies have been driven by advances in quantum
state engineering. Our team uses cold atoms whose quantum states can be shaped by light fields over
distances of the order of the optical wavelength (typically less than one micron). In our setup, an
optical lattice acts as a dressing field to sinusoidally modulate the excited state. The induced light
shift maps an atomic transition frequency onto a 1D array of subwavelength volumes (Fig. 1a)). This
method allows us to image ground-state wavefunctions of the lattice with a spatial resolution down
to 31 nm, well below the diffraction limit. In addition, atoms trapped in the lattice can coherently
tunnel between neighboring sites separated by half the optical wavelength (511 nm in our setup). We
are able to observe and control these single-site tunneling dynamics, and even suppress them using
the quantum Zeno effect (Fig. 1b)).

In parallel, we investigate light scattering in regimes where the single-particle picture breaks down.
We show that the atomic scattering cross section is strongly modified by the mean incoherent field ari-
sing from the collective response to light, with a significant dependence on the cloud optical density.
This effect has important implications for absorption imaging in dense ultracold atomic samples :
ignoring the contribution of incoherent scattering leads to systematic underestimation of the atom
number [1].

Finally, we present preliminary results on the guiding behavior of a 1D ultracold atomic cloud. Our
observations indicate that such a system behaves as a continuous medium with a well-defined refrac-
tive index, despite its relatively low density (1e19atoms/m3). Our ongoing goal is to investigate the
role of incoherent scattering in this guiding regime.
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FIGURE 1. a) Representation of Rubidium electronic levels, a 1529 lattice modulates periodically the SP-4D transition. Subwavelength volumes
are pumped to a cycling transition depending on the specific frequency of the repumper beam b) Tunneling dynamics of one lattice site to its
nearest neighbour and suppression of tunneling using the quantum Zeno effect.

[1] R. Veyron, V. Mancois, and S. Bernon, "Quantitative absorption Rev. Res. 4, 033033 (2022)
imaging of optically dense effective two-level systems", Phys.
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In the context of quantum technologies , there is a strong interest in interfacing quantum
systems such as atoms, quantum dots, etc. with photons. In particular, research is driven by
the desire to transfer the quantum states produced by these systems to propagating photons :
This could allow for deterministic entanglement between static quantum systems and photons
or the generation of specific quantum states of light. This is also useful in various quantum
computing and quantum cryptography schemes. To make predictions and investigate various
scenarii, one needs a theoretical framework to calculate the quantum state of the light emitted
by a quantum system itself driven by quantum light.

Quite surprisingly, the task of developing a general framework describing the full quantum
interaction of a simple 2-level system with propagating photons has only been undertaken
recently [1,2]. However, so far the formalism does not include the spatial modes of the photons
as is necessary when driving an atom in free space. In this work, we generalize the recently
developed framework of a 2-level system interacting with pulses of photons to any spatial mode
of light. This generalization is required to apply the current formalism to the textbook example
of a free space atom interacting with a laser beam. We further illustrate the versatility of this
approach by numerically computing the state of radiated light of a 2-level atom in any direction,
in any temporal mode. This paves the way for the full quantum description of an ensemble of
N atoms interacting with any pulse of photons.

[1] Alexander Holm Kiilerich and Klaus Mglmer. Input-output theory with quantum pulses.
Phys. Rev. Lett. , 123(12), September 2019

[2] Victor Rueskov Christiansen, Mads Middelhede Lund, Fan Yang, and Klaus Mglmer. Jaynes-
cummings interaction with a traveling light pulse. Journal of the Optical Society of America
B, 41(8):C140, June 2024.
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Abstract

Within the domain of open quantum systems, measurement induced relaxation of qubits
[1] is a prevalent problem in superconducting circuits which are one of the leading plat-
forms for quantum computing. Much of the present work involves the use of Lindblad
master equation [2] that consists of a qubit coupled to a cavity and the dissipation only
acts on the cavity mode. This approach has led to some disagreements between what has
been observed experimentally and the theoretical results. We devise a new approach to
this problem which involves using the Bloch-Redfield equation that allows us to model the
dissipation in the eigen-basis of the coupled qubit-cavity system. This approach enables
us to take entanglement into account and also model rich spectral features into the envi-
ronment which are very important while considering a realistic scenario [3]. We aim to
understand the underlying mechanism of this phenomena of relaxation of the qubit as a
result of coupling it to a cavity which in turn, is used to read out the state of the qubit.
Preliminary results show that under the same parameter regime, these two approaches
can give strikingly different results. Understanding this problem will allow us to formulate
methods to limit qubit relaxation while maximizing the readout fidelity.
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Squeezed states of light represent a key resource for continuous-variable (CV) quantum optics [1]. They
enable protocols such as quantum teleportation, entanglement distribution, quantum-enhanced metrology, and
measurement-based quantum computation [2, 3]. Beyond Gaussian operations, non-Gaussian resources—such
as photon-subtracted states, Schrodinger cat states, or entangled coherent states—are required to achieve uni-
versality and to reveal strong non-classical features through negativity in their Wigner functions.

Optical Schrodinger cat states, defined as superpositions of coherent states |a) & | — ), are of particular in-
terest since they can be considered as logical qubits in a coherent state encoding. Their richer structure provides
advantages for teleportation, universal computation, and loophole-free Bell tests. However, they are extremely
fragile with respect to losses. One strategy, demonstrated in [4], is to generate non-local entanglement proba-
bilistically via photon subtraction on two modes. By this method, losses only reduce the success probability
without impacting the fidelity of the prepared state.

This work aims to develop a compact, fibre-based platform that integrates Gaussian squeezed-light sources
with discrete-variable heralding. It enables plug-and-play generation and characterization of non-Gaussian states
that are robust to losses and suitable for scalable quantum networks. The plug-and-play architecture minimizes
alignment requirements and phase drifts, providing a testbed for fibre-integrated non-Gaussian state generation.

The experimental setup is based on a compact fibre network whose principle is illustrated in figure 1. The
initial squeezed vacuum states are generated by Spontaneous Parametric Down Conversion (SPDC) in two
waveguided periodically poled lithium niobate (ppLN) nonlinear crystals. We use two homodyne detections im-
plemented with independent local oscillators, providing access to quadrature statistics of the heralded state. A
central experimental challenge is maintaining phase and frequency stability in the delocalised photon subtrac-
tion process. The latter is described by the operator é; — e*“®dg, where A¢ is the phase difference between
the two paths of the dual-wavelength central Mach-Zehnder interferometer. We implement a hybrid stabiliza-
tion approach combining Pound-Drever—Hall (PDH) locking [5] applying a low-frequency dither modulation
to a frequency-shifted probe laser. This ensures a fixed relative phase during photon subtraction and enables
systematic studies of the generated state at controlled phase differences.

This experiment can be viewed as a practical, fibre-integrated analogue of non-local photon subtraction
schemes demonstrated in [4]. By interfering heralding modes and conditioning on single-photon detections,
we approximate the preparation of entangled coherent superpositions robust to losses. Such states are potential
resources for coherent-state qubits, long-distance teleportation, and phase-space quantum gates.

The roadmap includes optimizing the PDH/dither stabilization loops, performing full Wigner-function recons-
truction, implementing heralded photon subtraction to generate cat-like states, and demonstrating conditional
operations as resources for coherent-state quantum computing.
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FIGURE 1. Fibre-integrated setup for non-local photon subtraction. Two SPDC sources generate squeezed states combined on a balanced
beam splitter (BS). Single-photon detections (SPD) herald the preparation of non-Gaussian states, which are characterized via independent
homodyne detections using independent local oscillators.
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The main way of exploring the quantum-to-classical transition in distinguishable particle systems
is through decoherence. To take observers into account and understand how they can reconstruct
an objective classical picture of a quantum system, the quantum darwinism framework shifts the
perspective to the study of the multipartite entanglement betweent the system, the observers and
the environment, hoping to reconstruct a coherent classical image of the system. To characterize
this spread of information, Zurek theory [1-3] identified the mutual information as a relevant tool.
However, this quantity is not easily accessible experimentally. One shot quantum information can
answer this challenge and be used to put these ideas to the test. The present work explores this
approach in the context of cavity and circuit QED through the comparison of the mutual information
and the Helstrom bound in a model of a system of a qubit coupled to an environment of multimode
bosonic signal. Our goal is to extend this study to electronics systems and to different tools of the
one-shot approach.
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Bell non-locality is a core resource for quantum communication in a device-independent (DI) man-
ner, i.e. without making assumptions about the underlying quantum model [1, 2]. By 2017, three Bell
experiments closed the main "loopholes", i.e. experimental problems that affect the validity of Bell
tests [3—5]. However, these tests involve measurements devices relying on superconducting nanowire
single-photon detectors, which require cryogenic temperatures to operate efficiently. This stands in
contrast with the practical and commercial expectations for the implementation of DI protocols.

We consider standard photonic devices, notably restricting the detecting apparatus to homodyne
detectors. We numerically found the largest possible Bell violations for local qudit Fock spaces of
increasing dimensions in the literature [6]. We focus on the experimental feasibility by deriving
thresholds of efficiency (Fig.(a)) and by deriving realistic set-ups (Fig.(b)).

We extend that work by computing quantum bounds for all the Bell Inequalities that involve 2
players and up to 4 measurements, discovering 21 inequalities for which the resistance to noise is
comparable to CHSH (Fig (c)). Besides, we verify that multiple-outcomes POVMs do not yield an ad-
vantage. Finally, we derived key-rates for Device Independent Quantum Key Distribution (DIQKD)
protocols, using cutting-edge analytical proves (Fig d).
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(b) Circuit generating non-local states with respect to our protocol, using
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In recent years, various frameworks [1-8] have been proposed for the study of quantum processes
with indefinite causal order, going beyond simple yet (comparatively) well-known examples like the
quantum switch [9], which has been subject of intense study [9-12].

In particular, quantum circuits with quantum control of causal order (QC-QCs) [4] form a well-
characterised, broad class of physical supermaps [13] (or process matrices [14]) obtained from a
bottom-up construction and are believed to represent all quantum processes physically realisable in a
fixed spacetime [15]. Complementarily, the formalism of routed quantum circuits [7, 16] introduces
quantum operations constrained by “routes” to represent processes in terms of a more fine-grained
routed circuit decomposition. This decomposition, formalised using a so-called routed graph, repre-
sents the information flow within the respective process, using a precise and intuitive diagrammatic
representation. However, the existence of routed circuit decompositions has only been established
for a small set of processes so far, including both certain specific QC-QCs and more exotic processes
[17, 18], violating causal inequalities, as examples.

In this work, we remedy this fact by connecting these two frameworks. We prove that for any given
N, one can use a single routed graph to systematically obtain a routed circuit decomposition for
any QC-QC with N parties. We detail this construction explicitly and contrast it with other routed
circuit decompositions of QC-QCs, which we obtain from alternative routed graphs. We conclude
by pointing out how this connection can be useful to tackle various open problems in the field of
indefinite causal order. Particularly, this includes establishing circuits representations of subclasses
of QC-QCs, like for non-dynamical processes [19] — where the causal order is not determined from
the start but is instead established on the fly — or the class of agent-local processes, where we restrict

the supermap to act as local pre- and post-processing for the respective agents.
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Optical control of excitonic states in GaAs/AlGaAs and InAs/GaAs quantum dot molecules

A. Chapuis’, P. Atkinson', A. Raymond', B. Eble!, V. Voliotis'*
Y Sorbonne University, CNRS, Institut des NanoSciences de Paris, 4 Place Jussieu, 75252, Paris, France

Qubits with long coherence times, when used with strong light-matter coupling, allow for trans-
ferring quantum information between static, matter qubits and flying, light qubits. Semiconductor
quantum dots (QD) systems are promising candidates for quantum communication protocols. Mo-
reover, the specific transitions’ optical selection rules allow for a mapping between light polarization
and spin states’ transitions which is a valuable tool for coherent control with light pulses. We propose
to build such a spin-photon interface on an InAs/GaAs double quantum dot structure embedded in a
diode, where the thin tunnel barrier between the dots allows for coherent coupling of the electronic
states. Our goal is to define robust spin qubits with one or two charge carriers on the ground state
that present long coherence times [1] and can be manipulated with optical pulses [2].

Quantum dot molecules (QDMs) are systems that allow the existence of excitons, either direct
(where both electron and hole are confined within the same QD) or indirect (where they are confined
in different QDs [3]). Since indirect excitons present a much stronger dipole moment, their energy
can be easily tuned with the application of an electric field along the growth axis of the structure.

By performing micro-photoluminescence maps as a function of the applied bias, one can observe
an anticrossing between direct and indirect neutral exciton transitions. But with singly-charged or
multiple-charged exciton states, one can see more complex structures arising. Indeed, the 3 charges
of a trion can either be confined with the same QD or shared across both, when the energy levels are
in resonance for a given value of the applied field.

One can also observe “X-patterns”, signatures of tunnelling of the hole left after electron-hole
recombination. We analyze such a pattern to measure tunnel coupling and to probe the fine structure
of the hole states [4].

Using numerical simulation tools, we recreate the measured X-pattern and explain the different
photoluminescence lines. Resonances between excited states in the different dots are evidenced allo-
wing to map the electronic structure of the coupled QDs.

[1] Tran et al, Phys. Rev. Lett. 129, 027403 (2022). [4] E. A. Stinaff et al, Science 311, 636, (2008).
[2] Economou et al, Phys. Rev. B 86, 085319 (2012).
[3] Bracker et al, Appl. Phys. Lett. 89, 233110 (2006).
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Superposition and Maximal Causal Indefiniteness in a Maximally Nonlocal Theory

Kuntal Sengupta®*
YUniv. Grenoble Alpes, CNRS, Grenoble INP, Institut Néel, 38000 Grenoble, France

This abstract is based on [1].

Quantum theory not only allows for superposition of states but also of causal orders between opera-
tions, i.e., for an indefinite causal order [2] ; an implication of the principle of quantum superposition.
Since a more fundamental theory might also admit this feature, an understanding of superposition
and indefinite causal order in an operational framework, such as that of generalised probabilistic
theories (GPTs) [3], is needed. In particular, such an understanding should not rely on the mathe-
matical formalism used to describe the theory (for instance Hilbert spaces for quantum theory), but
in terms of operational outcomes that users of the theory can observe. We present a candidate de-
finition of superposition in the framework of GPTs and show that in maximal theories, respecting
non-signalling relations, (i.e., consistent with no superluminal signalling), single system state-spaces
do not admit superposition ; however, composite systems do. Additionally, we show that superposi-
tion does not imply entanglement. Next, we provide a concrete example of a maximally Bell-nonlocal
theory, which not only admits the presented notion of superposition, but also allows for post-quantum
violations of theory-independent inequalities that certify indefinite causal order [4]; even up to an
algebraic bound. These findings might point towards potential connections between a theory’s ability
to admit indefinite causal order, Bell-nonlocal correlations and the structure of its state spaces.

[1] Sengupta, K. Achieving Maximal Causal Indefini- [3] Barrett, J. Information processing in generalized pro-
teness in a Maximally Nonlocal Theory. (2024), babilistic theories. Phys. Rev. A. 75, 032304 (2007,3),
https ://arxiv.org/abs/2411.04201 https ://link.aps.org/doi/10.1103/PhysRevA.75.032304

[2] Chiribella,

G., D’Ariano, G., Perinotti, P. & Vali- [4] Lugt, T., Barrett, J. & Chiribella, G. Device-independent

ron, B. Quantum computations without definite cau- certification of indefinite causal order in the quantum
sal structure. Phys. Rev. A. 88, 022318 (2013.8), switch. Nature Communications. 14, 5811 (2023,9),
https ://link.aps.org/doi/10.1103/PhysRevA.88.022318 https ://doi.org/10.1038/s41467-023-40162-8
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System-Bath Correlations and Bath Dynamics in Quantum Spin Chains

Amanda E. Seedhouse® and Robert S. Whitney
Université Grenoble Alpes, CNRS, LPMMC, 38000 Grenoble, France

Understanding the flow of information and energy in quantum systems is of interest in both quan-
tum thermodynamics and quantum technologies. Here, we investigate a single spin coupled to a spin
chain, with the latter acting as a bath. Inspired by previous works [1, 2] we study the entropy pro-
duction in terms of the two contributions : information exchange with the bath and shifts of the bath
away from its initial state. We find that coupling geometry and interaction type govern the trade-
off between these two contributions with an initial creation of system-bath correlations and their
subsequent dissipation into the bath.

[1] Ptaszynski, Krzysztof, and Massimiliano Esposito. "Post- production in open systems : The predominant role of intraenvi-
thermalization via information spreading in open quantum sys- ronment correlations." Physical Review Letters 123.20 (2019) :
tems." Physical Review E 106.1 (2022) : 014122. 200603.

[2] Ptaszynski, Krzysztof, and Massimiliano Esposito. "Entropy
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Time travels with freedom of choice and unambiguous nonlocal product measurements are
equivalent

Hippolyte Dourdent! , Kyrylo Simonov?, Andreas Leitherer!, Ravi
Kunjwal®, Saronath Halder?, Remigiusz Augusiak®, and Antonio Acin'-®*
YICFO-Institut de Ciencies Fotoniques, The Barcelona Institute of Science and Technology, 08860 Castelldefels, Barcelona, Spain
2 Fakultéit fiir Mathematik, Universitdt Wien, Oskar-Morgenstern-Platz 1, 1090 Vienna, Austria
3 Aix-Marseille University, CNRS, LIS, Marseille, France
4 Center for Theoretical Physics, Polish Academy of Sciences, Aleja Lotnikéw 32/46, 02-668 Warsaw, Poland
SICREA, Passeig Lluis Companys 23, 08010 Barcelona, Spain

Indefinite causal structures challenge the traditional notion that physical processes unfold accor-
ding to a fixed global order of events [1]. In this context, process functions have been introduced
as a noncausal generalization of deterministic classical communications [2], capturing logically
consistent scenarios where each party’s input may depend on the outputs of others without gene-
rating paradoxes, and interpreted as information-theoretic "non-trivial time travel compatible with
freedom of choice" [3, 4]. Recently, Kunjwal and Baumeler showed that the Lugano process—a tri-
partite process function without a global past—is equivalent to the SHIFT measurement, a canonical
example of quantum nonlocality without entanglement (QNLWE) [5]. QNLWE arises from product
bases whose states are locally indistinguishable, meaning they cannot be perfectly discriminated
using local operations and classical communication (LOCC) [6]. Moreover, they demonstrated that
any set of local operations with a Boolean process function lacking a global past can be used to im-
plement a QNLWE multiqubit product measurement. In this work, we elevate extensively this result
by demonstrating a precise equivalence between all process functions and unambiguous QNLWE
product measurements, for any dimension and any number of parties.

Our main result shows that the condition ensuring logical consistency of process functions —
the existence of a unique fixed point under arbitrary local operations — is exactly mirrored by a
simple unambiguity requirement on product bases, namely that each local quantum state is uniquely
associated with a local basis. We demonstrate that every unambiguous product basis defines a unique
process function, and that every process function can be encoded into an unambiguous product basis.
We also show that noncausal process functions — those lacking any global past — are equivalent to
unambiguous product bases exhibiting QNLWE, revealing that the operational content of the exotic
noncausal correlations is precisely the ability to perform such measurements.

This equivalence thus shows that “time travel with freedom of choice”, as embodied by non-causal
process functions, is mathematically indistinguishable from the ability to distinguish perfectly the
states of unambiguous QNLWE product bases. We provide a systematic toolbox for generating new
examples of noncausal process functions and corresponding QNLWE bases across arbitrary dimen-
sions and multipartite scenarios. Remarkably, our result also shows an equivalence between causal
inequalities that can be maximally violated by process functions and trivial nonsignalling inequalities
that cannot be violated by non-signalling probabilistic theory [7].

Finally, our equivalence illuminates the relation between structural limits : e.g. bipartite process
functions are always causal, so no bipartite unambiguous product basis can display QNLWE. It pro-
vides both a new perspective on indefinite causal order and practical tools for constructing resources
beyond LOCC, with potential applications to quantum information processing, and even insights into
spatiotemporal closed timelike curves [8].

[1] O. Oreshkov, F. Costa, and C. Brukner, Nat. Com. 3, 1092 (2012) [6] C. H. Bennett et al., PRA 59, 1070-1091 (1999).

[2] A. Baumeler and S. Wolf, NJP 18, 013036 (2016). [7] R. Augusiak et al., PRL 107, 070401 (2011).

[3] A. Baumeler, et al., Class. and Quant. Grav. 36, 224002 (2019). [8] V. Vilasini and R. Renner, PRA A 110, 022227 (2024).
[4] G. Tobar & F. Costa, Class. and Quant. Grav. 37, 205011 (2020).

[5] R. Kunjwal and A. Baumeler, PRL 131, 120201 (2023).
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Analog to digital converters in the quantum regime

Thomas Pousset,* Romain Alléaume,” and Nicolas Fabre*
Telecom Paris, Institut Polytechnique de Paris, 19 Place Marguerite Perey, 91120 Palaiseau, France

In continuous variable quantum key distribution, the information is encoded in the intensity and
phase of the optical field in the quantum regime where the signal power is comparable to quantum
fluctuations and the prevalent noise is the shot noise. In this context, DSP allows for performing
certain coherent detectors [1], correcting linear setup impairments [2] and performing digital mode
projection to extract the information encoded in the optical field. To take advantage of the computa-
tional power offered by DSP, it is necessary to convert the analog optical signal into a digital signal
by using an electronic processing stage followed by an analog to digital converter (ADC). A model
defining the detector sample modes accounting for DSP, has been developped in [3] in the case of li-
near electronics and ideal ADC assuming no noise sources other than the quantum fluctuations of the
signal. They assume that DSP can be backpropagated to the optical domain which allows to define
an effective optical mode which can be compared to the emitted mode to define a mode-matching
coefficient equivalent to an optical transmission coefficient.

Considering a coherent state detection with the model of [3], we show that Nyquist-Shannon cri-
terion must account for the signal quantum fluctuations and not just the emission bandwidth. We
assume an electronic bandwidth (BW) larger than the coherent state BW and a sampling frequency
larger than twice the coherent state BW but smaller than twice the electronic BW and show that al-
though this situation allows lossless reconstruction of the signal in the classical regime, in the quan-
tum regime the measurement is impeded by extra vacuum noise corresponding to unused sidebands.
Then to quantitatively compute the losses due to the ADC, we consider the modes reconstructible
by linear processing of the ADC samples, and derive the one that maximizes the mode-matching
coefficient. We illustrate our results by considering a raised root cosine (RRC) as the emitted mode
as shown in Fig. 1 and show the need to oversample the signal higher than the electronic BW.
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FIGURE 1. (a) Emitted RRC superposed with samples modes measured by the detector and (b) Emitted RRC superposed with the best mode
reconstructible by the detector. In solid black line is plotted the raised root cosine mode. In solid blue line of (a), each peak corresponds to the
mode of a sample measured by the detector. The sample modes are linearly combined in order to reconstruct the mode plotted in solid blue
line of figure (b) which maximizes the overlap with the RRC while remaining in the reconstructible mode set.

[1] Y. Piétri, L. T. Vidarte, M. Schiavon, L. Vivien, P. Grangier, A. Rhouni, and E. Diamanti, "Experimental demonstration of continuous-
variable quantum key distribution with a silicon photonics integrated receiver", Optica Quantum 2, 428 (2024).

[2] F. Roumestan, A. Ghazisaeidi, J. Renaudier, L. T. Vidarte, A. Leverrier, E. Diamanti, and P. Grangier, "Experimental Demonstration of
Discrete Modulation Formats for Continuous Variable Quantum Key Distribution", Journal of Lightwave Technology 42, 5182 (2024).

[3] Z. Chen, X. Wang, S. Yu, Z. Li, and H. Guo, "Continuous mode quantum key distribution with digital signal processing", npj Quantum
Information 9, 28 (2023).

* thomas.pousset @telecom-paris.fr
T romain.alleaume @telecom-paris.fr
¥ nicolas.fabre @telecom-paris.fr

102



Brightness measurement of the single-photon emission from a

nanowire quantum dot in the blue-green spectral range

F. Granger?, L. Vallejo?, G. Nogues?, E. Bellet-Amalric’, J. Cibert?, D. Ferrand? and K. Kheng!”

1Univ. Grenoble-Alpes, CEA, Grenoble-INP, IRIG, PHELIQS, 38000 Grenoble, France.
2Univ. Grenoble-Alpes, CNRS, Inst. NEEL, 38042 Grenoble, France.

We investigate the single-photon emission efficiency of a CdSe a quantum dot (QD) embedded in a
bottom-up ZnSe nanowire (NW) grown by Molecular Beam Epitaxy. This system emits in the blue-green
spectral range (450-580 nm) which offers major benefits for free-space quantum communication
compared to longer wavelengths such as compatibility with both airborne and submarine
communications, smaller optics size, and better spatial filtering [1].

The NW acts as a photonic wire (Fig. 1a) and has a tapered shape which gradually expands the
confined optical mode HE11, reducing the far-field emission angle (Fig. 1 c), enhancing collection efficiency.
The brightness measurements are carried out at low temperature (6 K), under pulsed excitation (above
the ZnSe bandgap) at 76 MHz, collecting photons from the top facet of the NW. As a first step, we use a
spectrometer and a CCD camera to characterize the emission spectra, the pulse excitation power
dependence, and the intensity saturation regime of the neutral exciton (Fig. 2). We observe single-photon
emission from the neutral exciton with an anti-bunching value g?(0)<0.07. We then apply a direct,
practical method, bypassing the spectrometer and using a bandpass filter (20 nm spectral window) and
an avalanche photodiode (APD) to measure the photon count rate from neutral exciton recombination.
This approach yields 2.9 MHz (0.04 photon per pulse) of single photons just before the detector (Fig. 2
b). This value would be higher if the QD did not trap an electron from time to time, changing the neutral
exciton into a charged exciton. Including contributions from both the neutral and charged excitons, the
total photon detection rate could reach 11 MHz (0.15 photon per pulse). After calibration of the setup,
we obtained a brightness of 0.18 photon per pulse at the first lens from both the neutral and charged
excitons. These outstanding values from an as-grown quantum emitter demonstrate the benefit of the
NW photonic geometry for efficient photon extraction, underlining the strong potential of this nanowire-
based system for scalable quantum communication applications.
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Fig. 1: a) Sketch of the NW-QD structure. b) SEM image of a NW-QD. c) 5 10 15 20 25 30
Typical experimental micro photoluminescence (PL) radiation pattern Excitation power (W)
profile of a single QD-NW (dashed lines is the limit of collection angles, | Fig. 2: a) NW-QD emission spectrum (blue line, with an optical
with numerical aperture NA = 0.72). d) Radiation pattern along the green|| density filter D=1) and bandpass filter transmission (red dashed line);
line fitted by a Gaussian profile with FWHM=0.53. blue (green) shaded region is the window for integrating the CCD
photon counts for exciton (background). b) Photon rate as a function
of excitation power after the bandpass filter; triangles (magenta) and
circular markers are measurements using APD and CCD respectively;
green, blue, and red dots are the photon rates from the background,
the neutral exciton, and the sum of both respectively.

[1] R. N. Lanning et al., Phys. Rev. Applied 16, 044027 (2021); doi.org/10.1103/PhysRevApplied.16.044027
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Design of integrated ion-photon interfaces : a neural network approach

L.P. De Simeone!, G. Maltese?, M.Ravaro!, M.Amanti', F. Baboux! and , S. Ducci'*
L Laboratoire Matériaux et Phénomeénes Quantiques,
Université Paris Cité, 75013 Paris, France
2Microsoft Azure Fiber, Romsey, United Kingdom

Photons exhibit excellent resilience to decoherence and negligible crosstalk, making them particu-
larly suitable as flying qubits for quantum information transmission. Trapped ions, on the other hand,
offer strongly interacting qubits via Coulomb forces, enabling high-fidelity quantum logic gates and
applications in quantum metrology. In this context, the development of integrated ion-photon inter-
faces would pave the way to scalable quantum networks with trapped ions as stationary quantum
nodes and photons as carriers of quantum information. Designing such an interface requires naviga-
ting a high-dimensional, multi-objective design space. For this task, traditional grid-search methods
become computationally prohibitive.

In this work, we leverage neural networks for their differentiability and ability to exploit gradient-
descent optimization. We develop a U-Net Convolutional Neural Network [1] to design an ion-
photon interface based on an AlGaAs microcavity for non-degenerate spontaneous parametric down-
conversion (SPDC). The proposed device consists of a multilayer AIGaAs waveguide operating in
a transverse pump configuration [2] generating entangled photon pairs at respective wavelengths of
1550 nm and 1092 nm. The 1092 nm photon is resonant with a specific atomic transition of the
St ion, allowing coherent interaction between the photon and the ion. Consequently, its entangled
partner at 1550 nm—within the telecom band—can serve as a flying qubit, while preserving entan-
glement with the stationary ion qubit.

Our design tool enables the prediction of the spatial mode profiles and effective refractive indices
of the signal and idler photons, based on the underlying AlGaAs multilayer epitaxial structure. The
optimized device exhibits an estimated conversion efficiency of approximately 10~!! pairs per pump
photon, which is comparable to state-of-the-art degenerate SPDC sources based on the same geo-
metry [3]. Thanks to the versatility of the proposed design tool, ongoing efforts focus on applying
it to a broader class of waveguide-based photon-pair sources, particularly targeting copropagating
configurations [4].
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FIGURE 1. (Left) Sketch of the AlGaAs waveguide microcavity in the transverse pump configuration. (Right) Spatial profiles of the optical
fields involved in the SPDC process within the optimized ion-photon interface.

[1] J. Lim et al., APL Photonics 7, 011301 (2022) [3] A. Orieux et al., J. Opt. Soc. Am. B 28, 45-51 (2011)
[2] A. Orieux et al., Phys. Rev. Lett. 110, 160502 (2013) [4] F. Appas et al., J. Lightwave Technol. 40, 7658-7667 (2022)
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Engineering and measuring multimode entanglement in the continuous-variable regime

W. Zeidan!, R. Dalidet!, A. Petitjean', L. Labonté!, S. Tanzilli', J. Etesse!, G. Patera?, A. Martin!, V. D’ Auria'*
nstitut de Physique de Nice, CNRS, UMR 7010, Université Cote d’Azur, 06108 Nice Cedex 2, France
2Physique des Lasers Atomes et Molécules, CNRS, UMR 8523, University of Lille, 59000 Lille, France

Developing new models of quantum computing and quantum communication protocols requires advanced
technologies that are more compact, loss tolerant, and that allow us to have higher scalability to match the
complexity of tasks [1]. This can be done in quantum optics with observables in the Continuous-Variables
regime (CV) by encoding information on the entanglement of frequency-time modes of the electromagnetic
field [2]. An example of this approach is the use of highly multimodal states, called cluster states, which can be
used for one-way quantum computing protocols [3].

For our project, we aim to generate and engineer these highly multimodal states by tailoring the quantum
correlations between modes of light we generate via the process of Parametric Down Conversion (PDC). We
are engineering the spectral envelope of the pump that we send to a periodically poled KTP crystal (ppKTP).
These correlations are fully described by the Joint Spectral Amplitude (JSA). This function is governed by the
spectral envelope of the pump and the phase-matching function of the crystal (PMF). Consequently, spectral
modulations of the pump will modulate the JSA and engineer correlations between multiple modes [4].

In our experimental setup, the pump of the ppKTP is a pulsed 778 nm beam generated via second harmonic
generation in a periodically poled Lithium Niobate (ppLN). The measured Joint Spectral Intensity (JSI =
|JSA|?) is presented in Fig.1(a) where we can see the result of the product of the gaussian spectral envelope
of the pump and the sinc function of the PMF. This JSI is obtained by performing a stimulated parametric
down conversion by seeding our crystal with a CW tunable telecom laser sent together with the pulsed pump.
To inspect the modal composition of our JSI, we make a singular value decomposition (SVD), known as the
Schmidt decomposition. This decomposition gives us information on the number of effective spectral modes
composing the state, called the Schmidt number. For this first JSI, the Schmidt number is K = 1.10, which
means that we just excited one spectral mode. Then, we tailored the pump spectral envelope by adding a wave
shaper to the setup. The resulting tailored JSIs are presented in Fig.1(b) and (c). We can see how, by engineering
the pump spectral envelope, the Schmidt number of the JSI gets higher, which proves the excitation of additional
spectral modes. These preliminary results confirm our ability to successfully engineer multimode correlations
in the spectral domain.
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FIGURE 1 — Measured JSI of generated states in the ppKTP crystal with different pump spectral envelopes. (a) Untailored pump
yielding a Schmidt number of K = 1.10 modes composing the state. (b-c) Tailored pumps that result in higher Schmidt numbers of
K =5.37and K = 3.29, respectively.

[1] C. Bennett, D. DiVincenzo, "Quantum information and computa- [3] C. Gonzélez-Arciniegas, P. Nussenzveig, M. Martinelli, O. Pfister, "
tion", Nature 404, 247-255 (2000). Cluster States from Gaussian States : Essential Diagnostic Tools for

[2] N. Treps and C. Fabre, "Modes and states in quantum optics", Rev. Continuous-Variable One-Way Quantum Computing", PRX Quan-
Mod. Phys. 92, 035005 (2020). tum 2, 030343 (2021).

[4] G. Patera,C.Navarrete-Benlloch,G.J.deValcarcel, and C. Fabre,
"Quantum Coherent Control of Highly Multipartite Continous-
Variable Entangled States by Tailoring Parametric Intrications", Eur.
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Experimental Implementation of Quantum Oblivious Transfer from One-Way Functions
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Secure multiparty computation (SMPC) is a cryptographic protocol that allows the communicating
parties to compute the result of a given function without disclosing their input parameters. It has been
shown that SMPC [1] can be based on the oblivious transfer (OT) functionality. In OT, Alice has two
messages {mg, m1} while Bob has a choice bit b +— {0, 1}. At the end of the interaction, Bob re-
trieves only my and Alice has no information on b [2]. As shown in [3], classically, one-way functions
(OWF) do not imply OT. In the attempt of overcoming this limit, [4] proposed the first quantum OT
(QOT) scheme, which exploited BB84 [5] and a bit commitment (BC) subroutine to guarantee se-
curity against a malicious receiver. Unfortunately, unconditional security for BC (and consequently
for QOT) is prevented by [6, 7]. However, [8] proved the possibility of achieving computational
security in a simulation-based framework by providing BC schemes with two properties : extracta-
bility and equivocality. For the first time, [9, 10] showed how to build computationally-secure BC
schemes from OWF by leveraging quantum communication, hence obtaining computationally-secure
QOT from OWF and surpassing the classical limit of [3]. Unfortunately, both [9] and [10] construc-
tions are not noise tolerant and their resource consumption scales rapidly with the required security,
making an experimental implementation unpractical. To solve these problems, we proposed a practi-
cal, noise-tolerant QOT protocol [11], based on equivocal and relaxed-extractable bit commitments
and proven secure in a simulation-based framework. In our scheme, Alice and Bob exchange BB84
states bidirectionally over a quantum channel. Experimentally, we implement it by allowing the par-
ties to send transmission and reception queries to the Control Station of a single polarization-based
weak coherent pulse source, which prepares the qubits polarization states and measures them with
a passive setup. The Transmitter uses an electro-optic amplitude modulator to carve ns-pulses in a
4 mW continuous-wave laser at 1550 nm. Two variable optical attenuators are then used to simulate
single-photon pulses and their polarization is changed via an electro-optic polarization modulator.
The Receiver passively measures the states through two polarizing beam splitters, then the photons
are detected with a superconducting nanowire single-photon detector (SNSPD), with a maximum
detection rate of 10 MHz. The performance of our protocol has been assessed by comparing several
figures of merit with BCKM21 benchmark. The number of queries to computationally-demanding
functions — such as PRGs, hashes and RNGs — is a crucial aspect for determining the protocol execu-
tion time and memory consumption and has been reduced by seven orders of magnitude. However,
the key factor has been identified in the total number of required BB84 states, as the major bottleneck
is represented by the the SNSPD detection rate. In fact, while in BCKM21 the total number of states
is given by Nppss € Q(A%Kgg), our protocol only requires Ngpsa € Q(Ackss), allowing for a
remarkable reduction of the qubits acquisition time, from 19 days to 210 ms.

[1] Yuval Ishai et al., “Founding cryptography on oblivious
transfer—efficiently”, CRYPTO, 2008.

[2] Shimon Even er al., “A randomized protocol for signing
contracts”’, Commun. ACM, Association for Computing Machi-
nery, 1985.

[3] H.-K. Lo and H.-F. Chau, “Is quantum bit commitment really
possible 7, Phys. Rev. Lett. 78, 3410 (1997).

[4] Claude Crépeau and Kilian Joe, “Achieving oblivious trans-
fer using weakened security assumptions”, Proceedings of the
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20 Quantum sensors enable highly sensitive measurements of physical
quantities and achieve enhanced precision when entangled in distributed
R networks. Ensuring secure and private operation across such multi-user
g0 networks motivates the integration of quantum cryptographic techniques
with quantum sensing. In this work, we are interested in a privacy-
preserving protocol developed by Shetell et al. [1] to investigate secure pa-
rameter estimation in a four-party quantum sensor network using a high-
fidelity Greenberger—Horne—Zeilinger (GHZ) state source [2]. The goal of
the protocol is to enable the parties of a network to collectively estimate a
linear function of the local parameters w(f,...,6,) = @.© = . a;b;,
where © = {01,...,0,} is the vector containing the individual parame-
ters, 6;, while not allowing each node 7 to get any further information
about the other local parameters themselves. We focus on a four-party
network with GHZ states. To prevent malicious parties from gaining ac-
cess to local information, it is essential to verify the correctness of the
resource state. To achieve this, we implement a quantum state verifica-
tion subroutine (QSV). We can quantify the privacy, € € [0,1], capturing
the fraction of local information that is leaked associated with the sensing
Configuration task. If some prior knowledge of the state is available, the privacy can

be quantified using the Fisher information (FI) matrix Q. Finally, from

State RMSE

W(Orop/Bottom)

L — fee the FT we can deduce the precision of our estimator. Using the generated
=646 WG+, mm 6 mm b, mml mm b states, we perform the verification measurements using 10000 copies, leav-
Figure 1: Distance of the estimation of w(6), ing one copy for the sensing task. In order to gather enough statistics,

we repeat the protocol v = 30 times. We show that the estimation of
w(O) is not affected by the choice of individual 6;, thereby supporting the
claim that they remain unknown, by performing the procedure for three
different combinations of local angles while keeping their sum fixed. Each
party encodes a local parameter 6; into the state. Subsequently, all parties
perform measurements in the X-basis, share their outcomes, and compute the global parity of the joint measurement results.
To find the true value of w(©), based on the measurement outcomes, we can rely on maximum likelihood estimation, for
which we need to select a joint probability distribution. Relying on a description of the states’ density matrix, obtained via
quantum state tomography, performed at the beginning of each configuration, we build the joint probability distribution.
Finally, to confirm the advantage of GHZ states in terms of both precision of the estimation and privacy of the protocol,
we perform the same protocol using Bell and |+) (Plus) states and compare the estimation results. For this purpose, we
consider the estimation of w(Oyop/bottom) = i + 0; and w(Ojingiv) = 0;. We were able to deduce the FI for each estimator;

w(étop/bottom) and w(©;) using the density matrix
method with the real encoded value. The dotted lines
represent the RMSE for each state over the 3 configu-
rations.
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Figure 2: Left: Fisher Information for each configuration. Right: Privacy e for the GHZ, Bell, and Plus states.

as shown in Fig. 2 (left), the precision of our estimation is better for GHZ states as the corresponding FT is larger. Once the
global function is estimated, we explore the feasibility of retrieving individual parameters. We compute estimates for each
of the functions, as shown in Fig. 1. All states feature good estimates of the total sum of the angles; the Plus and the Bell
states perform well for the sum two by two of the individual angles. Finally, for the GHZ and Bell states, the individual
estimated values deviate significantly from the true parameters. This discrepancy highlights that the protocol preserves the
privacy of the individual parameters, as no accurate single-parameter estimation can be extracted from the available data
even using a cheating strategy. Finally, we estimate the privacy parameter e. As shown in Fig. 2 (right), the GHZ state
exhibits high privacy, with negligible information leakage. In contrast, when using Bell and Plus states, the observed privacy
is significantly reduced, reflecting greater information leakage.

[1] Nathan Shettell, Majid Hassani, and Damian Markham, “Private network parameter estimation with quantum sensors,” arxiv
preprint (arXiv:2207.14450) (2022).

[2] Laura dos Santos Martins, Nicolas Laurent-Puig, Pascal Lé’fggvre, Simon Neves, and Eleni Diamanti, “Realizing a compact,
high-fidelity, telecom-wavelength source of multipartite entangled photons,” arxiv preprint (arXiv:2407.00802) (2024).
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Quantum photonic integrated circuits (QPICs) are a promising technological platform for vari-
ous applications, ranging from secure long-distance communications to the simulation of complex
phenomena. QPICs based in III-V semiconductors, in general and in AlGaAs in particular, are es-
pecially attractive for the monolithic integration of active and passive photonic components; recent
work in AlGaAs QPICs has demonstrated electrically injected photon pair sources [1] as well as a
high degree of photon indistinguishability [2] and entanglement [3]. These results are encouraging
further development in AlGaAs QPICs towards more complex multi-entangled photon states, no-
tably by engineering two-photon interference between the emitted photon pairs from multiple nom-
inally identical SPDC sources; such states will expand the applications of these sources in quantum
networking, computing, and simulation [4]. Controlling this interference requires a low-loss and
reconfigurable interface between classical and quantum photonic degrees of freedom: in particular,
photon modulation via the linear electro-optic effect is commonly exploited in classical optical com-
munications networks and benefits from straightforward integration within the standard fabrication
processes of many QPIC platforms. Although several experiments utilizing the electro-optic effect
have demonstrated the on-chip control of photon-pair phase and polarization degrees of freedom
[5-7] these works either used external SPDC sources or integrated nonlinear ferroelectric crystals,
namely LiNbO3, for photon pair generation. Combining direct-bandgap III-V quantum state sources
with integrated electro-optic modulation has been proposed [4, 7] but not yet demonstrated. In this
talk, we show the design, development and characterization of electro-optic tuners integrated on-
chip with state-of-the-art AIGaAs photon-pair sources. Operating in the quantum regime, we realize
tunable electro-optic delay lines, polarizing beamsplitters, and polarization rotators, validating that
entangled photon pairs can be both efficiently generated and manipulated on-chip. These results
constitute a step further in the landscape of complex fully integrated quantum photonic circuits and
will increase the potential of AIGaAs photonic chips for quantum networks [8].

[1] Boitier et al.. Phys. Rev. Lett. 112, 183901 (2014), doi: [5] Bonneau et al., PRL 108, 053601 (2012), doi: 10.1103/Phys-

1103/PhysRevLett.112.183901 RevLett.108.053601.
[2] Autebert et al., Optica 3, 2 (2016), doi: 10.1364/0OP- [6] Luo et al., Sci. Adv. 5 (2019), doi: 10.1126/sciadv.aat1451.

TICA.3.000143. [7] Wang et al, Opt. Comm. 327 (2014), doi:
[3] Appas et al., IEEE J. Lightwave Tech. 40, 7659 (2022), doi: 10.1016/j.optcom.2014.02.040.

10.1109/JLT.2022.3214466. [8] Appas et al., NPJ Quantum Information 7, 118 (2021), doi:
[4] Baboux, Moody, and Ducci, Optica 10, 7 (2023), doi: 10.1038/s41534-021-00454-7

10.1364/OPTICA.481385.
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This work proposes the design, fabrication, and characterization of an integrated photon-pair
source using Spontaneous Four Wave Mixing (SFWM) in a silicon nitride microring resonator. The
goal is to generate a signal photon at 606 nm, compatible with the transitions of praseodymium ions
Pr3*, and an idler photon at 1430.5 nm, corresponding to a Coarse Wavelength Division Multiplex-
ing (CWDM ) channel in the E-band. Building upon previous studies [1] that used a waveguide with
a height of h=430 nm and a width of w=818 nm, we theoretically demonstrate that a waveguide with
a height of 500 nm and a width of approximately 996 nm can achieve equivalent phase-matching
conditions, resulting in a spectral bandwidth close to 3.98 MHz. Furthermore, we determined the
resonator radius to ensure phase matching at the target wavelengths and calculated the ideal gap re-
gion for efficient coupling between the bus waveguide and the resonator. After validating the device
in the classical domain, we are working on improving the quality factor, particularly in fabrication.
We are also proceeding with quantum characterization and plan to extend this approach toward the
generation of photon triplets via nonlinear processes. This work aims to overcome the current limi-
tations in terms of efficiency and source integration, bringing us closer to realizing integrated photon
triplet sources that are efficient, stable, and suitable for quantum photonic architectures, especially
those compatible with telecommunications.

[1] J. S. S. Durdan Gémez, R. Ramirez Alarcén, M. Gémez Robles, based on a silicon nitride micro-ring resonator for quantum mem-
P. M. C. Tavares Ramirez, G. J. Rodriguez Becerra, E. Ortiz- ories. Opt. Lett., 49(7):1860-1863, 2024.
Ricardo, and R. Salas-Montiel. Integrated photon pair source
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Permutationally decodable CSS quantum codes
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Quantum technology is a rising and promising technology. It has many possible applications in
various domains of science. A major problem in the design of quantum devices is the decoherence
of quantum states. As for classical telecommunications, quantum error correcting codes have been
proposed as a solution to this problem [1]. Following this seminal work, quantum CSS codes [2] have
been proposed. They have the advantage of enabling the construction of quantum codes with desired
minimum distance.

Quantum CSS codes are built upon two classical binary linear error-correcting codes C; and Co
such that C1 is self-orthogonal and Cy C Cf-. A code C such that C = C* is said to be self-dual.
Any subcode of C'is then self-orthogonal. A classical method for the search of linear codes with a
large minimum distance is to select codes with large automorphism groups. A typical example of
self-dual codes having large minimum distances is given by the class of extended quadratic residue
codes of length p 4+ 1 where p is a prime number of the form p = 4k + 3. These codes are stable
under the action of PSL(2, p).

In our work, we have relied on this family of codes to construct new self-orthogonal codes and
related quantum CSS codes. More precisely, for each extended quadratic residue code, the set of
its minimum distance codewords have been partitioned by the action of each maximal subgroup of
the automorphism group. For any set of a partition, the code generated by linear combinations was
considered and sometimes, strict subcodes were generated. These codes are then self-orthogonal and
have a large automorphism group by construction. Their relative dual code is also invariant on the
same automorphism group and therefore good CSS codes can be built.

Obtained results are depicted in Figure 1. Each table gives the parameters of the obtained quantum
[[n, q, d*]] codes. Parameter m is the multiplicity of minimum distance codewords while Aut(C)
describe the structure of the automorphism group. In [4], the authors describe an alternative to syn-
drome decoding when algebraic decoding is possible. The technique of the article can be used here
when considering permutation decoding [3]. Parameter G is the Gordon bound which gives a lower
bound on the number of permutations required for complete decoding. Finally, parameter P gives
the number of permutations allowing complete decoding, as found by the authors.

[n]k[qldt[m ] Auwt(© [G[P] [nlk[q[d"[m] Aut(Q) [G[P]

2418 [8[ 3 | 8 |[PSL(2,7).2|3] 4 32[15[ 2] 6 |32 2232 711

23[11[1| 7 [253 Mas 15]24 32[9(14] 4 [216] 27327 |45

22[10(2] 6 |77 Maz.2 719 31[15] 1] 7 [155| 31.3.5 |15]32

165 6] 4 [140] 2% Ag 4[4 248 (8|3 | 8 |PSL(2,7).2|3 | 4
Extended (24,12,8) Golay code EQR(32, 16, 8) code

[n]k[q]dT ] m [Aut(Q]G] P
48720] 8 [ 8 [ 810 [2%.3.2%]20[ 77
48]12]24] 4 [ 1322232 (4] 9
47(23[ 1 | 11 |4324| 47.23 |66]332
EQR(48, 24, 12) code

FIGURE 1 — Parameters of new self-orthogonal codes extracted from extended quadratic codes.

[1] D. Gottesman, "Stabilizer codes and quantum error correction”, [3] J. Macwilliams, "Permutation decoding of systematic codes",
PhD thesis, Calif. Inst. Tech. (1997). Bell Sys. Tech. J. 43, 485-505 (1964).

[2] A.R. Calderbank and P.W. Shor, "Good quantum error correcting [4] Y. Saouter and G. Burel, "Algebraic decoding for classes of
codes exist", Phys. Ref. A. 54, 1098-1105 (1996). quantum codes", Proc. IEEE MeditCom. 477-482 (2024).
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Single-photon generation, processing and detection are routinely performed in silicon-based quan-
tum photonic chips [1]. However, the highly probabilistic nature of the single-photon generation
relying on non-linear optical processes limits the efficient generation of large entangled photonic
states [1]. The recent isolation in silicon of atomic-like single-photon sources (SPS) based on indi-
vidual fluorescent defects [2], such as G centers [3], T centers [4], Er dopants [5], could open new
perspectives for the realization of on-demand sources of indistinguishable photons directly integrated
into silicon. In this prospect, the W center has emerged as a particularly promising candidate [6, 7].
Its emission features a strong, linearly polarized zero-phonon line (ZPL) at 1218 nm, close to the
telecom O-band, originating from a single emission dipole and greatly facilitating integration into
nanophotonic structures such as waveguides and cavities. This tri-interstitial complex can be created
at the single-defect scale with nanoscale positioning using silicon-focused ion beam [8] or silicon
implantation through a mask with nanoholes [7]. The recent integration of a single W center in a
circular Bragg grating (CBG) microcavity has demonstrated a detected single-photon count rate ex-
ceeding 1.3 Mcounts.s !, as well as a proportion of photons emitted in the ZPL that reaches ~ 99%
[7]. The next milestone is to control the W center’s optical coherence to achieve indistinguishable
single-photon emission.

In this context, we will present preliminary results on the resonant excitation of W centers in si-
licon, expected to cause less perturbation to the defect emission compared to the above-bandgap
optical excitation used to date [6—8]. We perform photoluminescence excitation (PLE) spectroscopy
using an ultra-fine tunable laser (< 1 MHz resolution) on an ensemble of W centers integrated within a
CBG cavity. Through resonant time-resolved photoluminescence measurements, we investigate ioni-
zation and charge-state fluctuation processes affecting the W center’s emission. These developments
will serve as the basis for a detailed study of the spectral diffusion limiting the photon coherence of
W centers integrated into photonic structures.

[1] J. Wang et al., Integrated photonic quantum technologies, Nat. [5] A. Gritsch et al., Optical single-shot readout of spin qubits in

Photon. 14, 273-284 (2020). silicon. Nat. Comm. 16, 64 (2025).
[2] W. Redjem et al., Single artificial atoms in silicon emitting at [6] Y. Baron, Detection of single W centers in silicon. ACS Photo-
telecom wavelengths. Nat Electron 3, 738-743 (2020). nics (2022).
[3] A. Durand, Y. Baron et al., Hopping of the Center-of-Mass of [7] Lefaucher, Baptiste, et al., Bright single-photon source in a sili-
Single G Centers in Silicon-on-Insulator. PRX 14, 041071 (2024) con chip by nanoscale positioning of a color center in a microca-
[4] F. Afzal et al., Distributed Quantum Computing in Silicon. vity, arXiv :2501.12744 (2025).
arXiv :2406.01704 (2024) [8] M. Hollenbach, Wafer-scale nanofabrication of telecom single-

photon emitters in silicon, Nat. Comm. 13, 7683 (2022).
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Secure Delegated Sensing with polarization-entangled Bell states
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On the eve of global implementation of quantum networks with remote nodes separated by hun-
dreds of kilometers and supported by the existing telecommunications fiber infrastructure, applica-
tions beyond Quantum Key Distribution are emerging. These include Blind Quantum Computing and
Distributed Quantum Sensing, which are developing at a rapid pace. The context in which our work
is placed is akin to both of the latter examples : a Network of Quantum Sensors, where each user lo-
cally encodes a parameter to be estimated individually or as part of a function of multiple parameters.
Results can be shared secretly due to informational asymmetry created by the entanglement shared
between nodes or the use of non-orthogonal quantum states/measurements. The implementation of
an appropriate network protocol ensures the security against adversarial interferences for specific
applications.

The graph interpretation of networks of quantum sensors represents vertices containing one qu-
bit and edges portray entanglement shared between the different nodes. The resource consumption
for making a fully interconnected graph scales unfavorably if each vertex contains one qubit, since
making multiphoton entangled states — e.g. GHZ — poses significant challenges for obtaining high
generation rate and fidelity. The application versatility and enhanced precision achieved by using
states such as GHZ can be traded off by the implementation of entangled states with fewer photons,
which are distributed in the network as a superposition of 2-photon states delocalized over pairs of
nodes [1]. This restricts protocols to be implemented only in a pairwise manner, but enables speeding
up and scaling of networks.

We aim to use a polarization-entangled photonic state, distributed between couples of nodes as
a superposition of Bell states. This allows for implementation of delegated sensing tasks, where a
user of the network can request to estimate another’s parameter. The verification protocol to be used
has been proposed in the context of quantum teleportation [2], but fits well with the task at hand
to ensure a secure transfer of the parameter-encoded results between remote users. An experimental
implementation of a remote quantum sensing protocol that is undeniably secure against man-in-the-
middle-type of attacks and with thorough analyses of the security parameters has yet to be demons-
trated. The EQUINE project, jointly conducted between INPHYNI (Nice) and LiP6 (Paris), aims to
break this barrier and lay the foundations for the implementation of experiments in this emerging
field of research.
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Figure 1 : Sagnac loop configuration for generating polarization-entangled Bell states.

[1] Kim, D.-H. et al. "Distributed quantum sensing of multiple [2] Unnikrishnan, A. & Markham, D. "Authenticated teleportation
phases with fewer photons". Nat Commun 15, 266 (2024). and verification in a noisy network". Phys. Rev. A 102, 042401
(2020).
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Entanglement-based quantum key distribution (QKD) is one of the most secure quantum com-
munication protocols, relying on the fundamental properties of quantum entanglement to ensure
security against eavesdropping. These protocols can operate without the need for trusted nodes and
are source-independent, making them strong candidates for device-independent QKD. Significant
efforts are currently being made to bring these protocols out of the laboratory and into real-world
networks [1].

To support practical deployment, it is essential to rely on existing telecommunication infrastruc-
ture while addressing several technical challenges. Chromatic dispersion must be compensated
to preserve temporal correlations, and distributing entangled states between distant measurement
stations requires precise clock synchronization, often at the picosecond level. It is also necessary to
encode quantum information in photonic degrees of freedom that are both robust and compatible
with long-distance transmission. Among the most common encodings, polarization stands out for its
simplicity : polarization states are relatively easy to generate, manipulate, and measure.

In this work, we demonstrate the distribution of polarization-entangled photon pairs over a 30
km deployed fiber link. The quantum source is based on an AlGaAs Bragg-reflection waveguide.
This II-V semiconductor platform combines strong second-order nonlinearity leading to efficient
photon-pair generation (~ 2.7 x 10° pairs/s/mW) and a large electro-optic effect enabling on-chip
state manipulation at room temperature [2]. Moreover, AlGaAs direct bandgap has already led to
the monolithic integration of laser action and internal parametric down-conversion on a single chip

[3].

The generated biphoton state exhibits a broad bandwidth of 93 nm, centered in the telecom C-band,
allowing for entanglement distribution based on dense wavelength multiplexing across several 100
GHz ITU channels. We report a fidelity exceeding 96.7%(85%) to the polarization Bell state | ™)
over 11 (20) energy-matched pairs of 100 GHz ITU channels, demonstrating the source’s high entan-
glement quality and its suitability for multi-user quantum networks. We further conducted quantum
state tomography after transmission through the deployed fiber link and observed that a 12 nm-broad
two-photon state maintains a fidelity exceeding 91%. These results highlight the potential of polariza-
tion encoding in real-world conditions and illustrate the interest of AlGaAs-based integrated sources
for scalable, practical entanglement-based quantum communication over existing telecommunication
infrastructure.

[1] Y. Pelet et al, “Operational entanglement-based quantum key distribution over 50 km of field-deployed optical
fibers” Phys. Rev. App. 20, 044006 (2023).

[2] FE. Appas et al, “Nonlinear Quantum Photonics With AlGaAs Bragg-Reflection Waveguides" Journal of Light-
wave Technology (2022).

[3] FE.Boitier et al, “Electrically injected photon-pair source at room temperature”, Phys. Rev. Lett. 112, 18 (2014).
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Abstract

Transmission of high-dimensional quantum states through real-world environments is es-

sential 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, in-
troducing 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 lat-
ter regime, speckles emerge in the two-photon intensity itself, enabling direct transmission
matrix measurement with a spatial light modulator. Once the matrix is obtained, appropri-
ate 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 imag-
ing 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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Violating Bell inequalities using photon path encoding
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Bell non locality is at the heart of Device Independent (DI) protocols such that DI Quantum Ran-
dom Number Generators (DI QRNG) and DI Quantum Key Distribution (DI QKD). They offer hi-
gher security by removing assumptions about practical implementations of states and measurements.
Moreover the sole violation of a Bell inequality to run a DI protocol is not sufficient, as a larger vio-
lation is needed to ensure security [3]. Therefore, finding an implementation of a Bell game which
allows for high violation of a Bell inequality with a large loss robustness is of central interest for DI
protocols. Photons are a natural information carrier choice as they allow for high speed distribution.
Many violations of Bell inequalities using photons have been proposed [2] using intrinsic degrees of
freedom of photons such as polarisation or time bin.

In this work we investigate the use of path entanglement for the violation of a Bell inequality. The
advantage of this encoding is that Bell pairs can be distributed with a rate scaling as the square root
of the transmitivity of the channel in an heralding protocol [1]. The drawback is that it is hard to
implement generic Pauli measurements. In the literature those measurements are implemented using
displacements and single photon counting [4, 5]. One noticeable improvement used a squeezing
operation [1]. We display in Figure 1 the violation of the CHSH inequality with different encodings
and in Figure 2 a proposed DI QKD scheme using path encoding. In this ongoing project we aim to
reduce the gap between theoretical performances and practical implementations of DI protocols using
path encoding by exploring new measurement schemes based on gaussian operations, conditioning
and photon counting.
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FIGURE 2. The DI QKD scheme proposed in [1]. Highly unbalanced
beamsplitters combined with a Bell state measurement at the central
station project Alice and Bob’s local modes on e.g. %
|0) and |1) are Fock states.

FIGURE 1. The difference of resistance to loss between polarisation
and single photon/path encoding. [1]. We see that path encoding per-
forms better on a large range of losses.

, where
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An ultra-compact dilution refrigerator for rapid quantum device
characterization and education

Clément Geffroy', Eric Eyraud!, Dorian Nicolas', Julien Jarreau', Laura Kowalski!, Laurent Del-Rey!,
Didier Dufeu’, Wolfgang Wernsdorfer?3, Franck Balsetro®, Quentin Ficheux', and Matias Urdampilleta'*
YUniversité Grenoble Alpes, CNRS, Grenoble INP, Institut Néel, 38402 Grenoble, France
2IOMT, Karlsruhe Institute of Technology, 76131 Karlsruhe, Germany
3PHI, Karisruhe Institute of Technology, 76131 Karlsruhe, Germany

As quantum technologies become increasingly complex, the demand for integrated electronics at
cryogenic temperatures rises. This evolution requires cryogenic systems to support greater elec-
tronic integration, inevitably leading to the development of large-scale, high-cooling-power systems.
However, quantum technologies are still in their early development stage, where trial-and-error pro-
cedures still help to optimize fabrication process or select hero-sample. Moreover, training personnel
in cryostat operation and basic quantum characterization requires user-friendly, rapid-cycling plat-
forms, a feature often lacking in large-scale systems.

To meet these demands, we have developed an ultra-compact, home-built cryogenic platform opti-
mized for nanoelectronic device characterization. This system achieves a base temperature of 70 mK
in 40 minutes, with a 15-minute cooldown to 4 K followed by a 25-minute condensation to 70 mK.
The experimental stage offers sufficient volume for integrating DC and RF electronics, including
attenuators, circulator and amplifier. In contrast to large-scale systems, this platform facilitates rapid
cooldown-warmup cycles within a single day, significantly reducing the time required for character-
ization and benchmarking.

In addition, training future scientists on how to run quantum devices in a cryogenic equipment is
vital for the solid state qubit community. In this context, our tabletop solution is currently being used
by master students as part of their educational program.

This work is supported by CRYONEXT [1] and QUANTEDU [2].

FIGURE: Photograph of the sionludiXS, an ultra-
compact dilution refrigerator. It features standard cryo-
genic components, including three precooling stages at
100K, 20K, and 4 K, as well as a base stage at 70 mK.

[1] https://quantique.france2030.gouv.fr/recherche- [2] https://quantique.france2030.gouv.fr/talents/programme-de-
innovation/programme-cryonext/ formation/
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Design and Conception of cryogenic attenuators for superconducting circuits

Evan Ichir2, Biswajit Dutta', Sébastien Jézouin', Alexis Jouan', Audrey Bienfait', Sylvain Hermelin', Benjamin Huard'
YEcole Normale Supérieure de Lyon, CNRS,
Laboratoire de Physique, F-69342, Lyon, France
2Radiall, 642 Rue Emile Romanet, 38340 Voreppe, France

Control and readout of supercondcuting circuits inside dilution fridges require bringing RF signals
generated at room temperature to the last stage of the fridge which is typically below 20 mK. It is
necessary to reduce the thermal noise produced by blackbody radiation at 300 K down to much less
than a photon of noise at the device input. The use of attenuators, which are anchored at each stage of
the dilution refrigerator, addresses this issue by swapping hot incoming signals with photons emitted
at their own temperature.

While commercial dilution refrigerators offer a base plate temperature around 10 mK, thermali-
zing the microwave modes themselves turns out to be more challenging than simply anchoring the
superconducting circuit to the mixing chamber plate. Indeed, some studies report an effective tem-
perature of the incoming RF field comprised between 50 and 100 mK [1-3], drastically reducing the
coherence time [5]. The coldest attenuator, which is usually anchored at the mixing chamber plate,
plays a critical role because it is its temperature that will mainly determine the amount of black-body
thermal noise incoming onto the superconducting circuit. Recent progress has been made using NiCr
resistive thin films [4] or a 3D brass cavity [6].

Below 1 K, few phonons are available to conduct heat while the electrons have non negligible
thermal conductivity at these temperatures [7]. The current commercial attenuators mainly rely on
electron phonon coupling to thermalize them, but this coupling scales like 7° and is therefore sup-
pressed below 1 K. This phenomena together with the Wiedemann-Franz law which links the electri-
cal conductivity and the thermal conductivity of electrons in a normal metal [7] explains the unperfect
thermalization of the attenuators at 10 mK.

We propose a coplanar waveguide geometry that efficiently cools down the electrons which heat
up as a resistive thin film dissipates incoming microwave. In this poster, the fabrication process of
the attenuator, simulations and measurements of the attenuation will be presented, together with
thermometry protocol for an attenuator

[1] Yan, Fei, et al. “Distinguishing Coherent and Thermal Photon 121, no. 22, June 2017.
Noise in a Circuit Quantum Electrodynamical System.” Physical [5] Gambetta, Jay, et al. “Qubit-Photon Interactions in a Cavity :
Review Letters, vol. 120, no. 26, June 2018. Measurement-Induced Dephasing and Number Splitting.” Phy-
[2] A. Somoroffl, et al. , "Millisecond Coherence in a Superconduc- sical Review A, vol. 74, no. 4, Oct. 2006.
ting Qubit", Phys. Rev. Lett. 130, 267001, June 2023 [6] Wang, Z., et al. “Cavity Attenuators for Superconducting Qu-
[3] Yan, Fei, et al. “The Flux Qubit Revisited to Enhance Cohe- bits.” Physical Review Applied, vol. 11, no. 1, Jan. 2019.
rence and Reproducibility.” Nature Communications, vol. 7, no. [7] Ekin, Jack, Experimental Techniques for Low-Temperature Mea-
1, Nov. 2016. surements : Cryostat Design, Material Properties and Supercon-
[4] Yeh, Jen-Hao, et al. "Microwave Attenuators for Use with Quan- ductor Critical-Current Testing (Oxford, 2006 ; online edn, Ox-
tum Devices below 100 MK." Journal of Applied Physics, vol. ford Academic, 1 Jan. 2010)
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Engineering of isolated G-centers in silicon with deterministic positioning
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Silicon is an ideal candidate for developing quantum technologies since, in addition to being the
foundation of the photonics and microelectronics industries, it boasts mature fabrication protocols
and seamless integration with existing CMOS architectures [1]. Silicon wafers have recently been
shown to host a diverse range of near-infrared single-photon emitters [2], such as G center [3], W
center [4], T center [5], Er dopant [6] and many other unidentified defect centers [8]. The integration
of single fluorescent defects in silicon-based photonic cavities has developed considerably in recent
years, enabling the demonstration of bright near-infrared single-photon sources [4], coherent control
of spin-qubits interfaced with telecom single photons [5—7] and even remote entanglement generation
between distant spins [5]. Among the detected single color centers, the G center is of particular
interest due to its emission at 1.28 pm in the telecom O-band [9], and a metastable spin triplet that
could be used as a qubit [7, 10]. While single G center integration has been demonstrated for several
photonic resonators [7, 11], the defects were randomly distributed over the silicon-on-insulator (SOI)
wafers, thus drastically limiting the probability to get G centers well-coupled to the cavity mode. A
fundamental requirement for further large scale applications is the controlled fabrication of G defects
with deterministic positioning compatible with existing ion implantation semiconductor foundries.

In this work, we investigate the engineering of isolated G centers in SOI samples with up to sub-
100-nm spatial resolution. To achieve this goal, our strategy is to adapt the co-implantation method
carbon + proton [9] - which has proven successful to produce exclusively G centers - to the implan-
tation through PMMA masks with nanoholes. The defect properties are characterized by their zero-
phonon line spectra, single-photon count rates, and second-order auto-correlation functions to iden-
tify the optimal nanohole diameters and annealing conditions for creating well-isolated G centers.
In the course of this fabrication protocol, we also observe and characterize other fluorescent defects
created by this method. We further compare the defects created by this technique with wafer-wide
implantation methods to understand how different fabrication procedures influence defect formation.
This study can further be extended to develop nanophotonic cavities around the fabricated single
G centers for enhanced single-photon emission properties [4] and opens up prospects for scalable
integration of color centers in silicon quantum photonic chips.

[1] S. Simmons, Scalable Fault-Tolerant Quantum Technologies
with Silicon Color Centers. PRX Quantum 5, 010102 (2024)
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(2024)
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Flip-chip integration of high-impedance resonators for Si hole spin cQED

Sébastien Granel®, Simon Zihlmann!, Cécile Yul-2, Etienne Dumur! and Romain Maurand!*
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Coupling photons with solid-state qubits in circuit quantum electrodynamics (cQED) would
pave the way for long-range on-chip connectivity [1] and high fidelity quantum non-demolition
(QND) readout [2]. Especially, 330 MHz strong coupling achieved between a microwave photon
in superconducting resonator and a hole spin in a silicon-based double quantum dot issued from
a foundry-compatible MOS fabrication demonstrates that silicon hole spin qubits are a promising
platform for cQED [3].

This state-of-the art hole-spin cQED architecture relies on transferring a high-impedance resonator
to an NbN layer sputtered on the Si-MOS wafer. However, that co-integration degrades the internal
resonator quality factor to ); = 600 which is detrimental to reaching a fast and high fidelity
QND readout [3]. Si-MOS substrate loss and extra bias lines patterned on the chip close to the
high-impedance resonator are identified as sources of photon loss and quality factor decrease [4].

The presented work aims at building a new hole spin cQED architecture that takes up those
microwave challenges for integrating high quality factor resonators. On the one hand, we move to
a flip-chip assembly which consists of splitting the cQED architecture into two chips, one hosting
the Si-MOS transistor and the other hosting the resonator and readout circuit and connecting both
galvanically with soldering In bumps [5]. This configuration enables to delocalize the resonator on
a Sapphire substrate, which is less loss than the Si-MOS wafer. In that scope, characterization of
the bump interconnects down to mK temperature and under B-field has been carried out, showing
that they still provide low-loss connection under spin cQED experimental conditions. Especially,
100 000-high quality factors have been demonstrated in the single photon limit for flip-chip 1.7 k{2
high-impedance resonators bridged to another chip. On the other hand, work has been performed to
improve the filtering of the DC lines which connect to the transistor gates by engineering lumped
5" order low-pass filters. This proof of concept of flip-chip technology and on-chip microwave
filtering enables to envision the integration of a low-loss resonator with a Si hole-based spin qubit
for fast and high fidelity QND readout.

Keywords : cavity QED, 3D integration, high-impedance resonators, silicon quantum dots, on-
chip microwave filters
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Tailoring Novel Group IV Quantum Materials

M. Turmel®, N. Pauc!, V. Calvo!, S. De Franceschi!, S. Assalil*
11University Grenoble Alpes, CEA, Grenoble INP, IRIG, PHELIQS, Grenoble (FR)

Materials engineering is at the foundation of the plethora of solid-state devices that are now driving
the second quantum revolution. Combining metals, insulators, semiconductors (SEMI), superconduc-
tors (SC), and topological (TOP) materials in quantum material heterostructures opened new avenues
in condensed matter physics [1]. Superconducting qubits, superconducting spin qubits, and topolo-
gical qubits systems are often fabricated using Josephson junction field-effect transistors (JOFETSs)
made of hybrid SC/SEMI and SC/TOP junctions [2]. Here, any disorder at the interface between
two materials is a detrimental source of noise and dissipation, hence compromising the ability to
generate, detect, and manipulate quantum states. Avoiding structural defects, impurities, oxides, and
roughness at these hybrid interfaces is a major challenge in materials science.

Herein, we develop novel group IV quantum materials and their future integration into supercon-
ducting qubits. We focus our attention on Tin grown in the body-centered tetragonal 5-phase (3-Sn),
which is a superconductor with a critical temperature 7-=3.7 K. Compared to superconducting Alu-
minum (T-=1.2 K) that is widely used in quantum devices, the higher T of 3-Sn results in a larger
SC gap and enhanced resilience to external magnetic fields, hence more robust qubits with a lon-
ger coherence time may be fabricated using 5-Sn. We developed the epitaxial growth of 3-Sn on
a Ge (100) wafer using molecular beam epitaxy (MBE) and probed the crystalline quality in-situ
during growth using RHEED. A detailed correlation between morphology, dislocations, grain sizes,
and strain of the 3-Sn samples was obtained by combining SEM, Raman, XRD, and TEM. In-plane
XRD 26x study demonstrates that 5-Sn is epitaxial on the Ge substrate, with the presence of 5-Sn
diffraction peaks with its (200) plane parallel to the (220) plane of the Ge substrate, while no peaks
associated with the diamond cubic a-Sn phase are visible. Magnetotransport measurements at a tem-
perature < 1K will be discussed to evaluate the superconducting properties of epitaxial 5-Sn and
correlate them with the crystalline quality of the material. Next, we discuss the selective area growth
of 5-Sn on Ge from a patterned SiOx mask to provide a straightforward path for the future fabrication
of JoFETs-based gatemons using Ge/SiGe QWs [3]. To this end, we will discuss the MBE growth of
Ge/SiGe QWs grown on a Ge wafer, which have been proven as a high (hole) mobility material when
grown by chemical vapor deposition (CVD) [4]. The structural and quantum transport properties of
the MBE Ge QW will pave the way for their use in a 3-Sn JoFET device.

[1] N. P. de Leon et al., “Materials challenges and opportunities for [3] E. Kiyooka, S. De Franceschi et al., “Gatemon Qubit on a Ger-

quantum computing hardware” Science 372, 1-20 (2021). manium Quantum-Well Heterostructure”, Nano Lett. 2025 25,
[2] S. J. Weber, “Gatemon get Serious”, Nat. Nanotechnol. 13, 562-568
877-878 (2018). [4] G. Scappucci et al, “Germanium wafers for strained quantum

wells with low disorder”, Appl. Phys. Lett. 123, 092101 (2023)
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Towards Large Scale Quantum Computers : More than just CryoCMOS

Gabriel Zerbib!*
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Quantum computers operate on qubits to solve problems that current computer can’t hope to solve
in our lifetimes. Among all current qubit types, we’ll focus on semiconductor qubits, which operate
at temperatures very close to absolute zero, and require electrical connections to be manipulated and
read out. This extremely cold environment, provided by the use of a cryostat, imposes power and
communication constraints on the electronics.

Furthermore, current qubit technologies are far from the reliability required for quantum algo-
rithms. As such, quantum error correction algorithms need to be used, which increases the required
number of physical qubits necessary to run those algorithms. The high number of qubit needed to run
a useful algorithm makes the design of control electronics a real challenge, due to the sheer amount
of wiring and the density of quantum dots causing fanout issues.

To assess the feasibility and scalability of currently proposed control architectures, we first de-
veloped a cryostat efficiency model. This model, roughly linear (in log-log space) with respect to
the operating temperature, gives us a better understanding of the power constraints associated with
cryogenic environments. Cryostat efficiency as low as 1076 at 1K is reported, highlighting the very
low power budget for cryo-electronics embedded near the qubits.

We extracted the power consumption and area figures of CryoCMOS functions from 30 state-of-
the-art publications. The values are then scaled with respect to the number of qubits controllable
in each publication. We show that only a few of those publications allow for a function of a large
scale quantum computer to be built from those components, within the previously defined affordable
power budget.

Finally, we open the discussion towards the use of other technologies and we challenge that, for
some function, CryoCMOS is the most suitable one. We explored the following technologies : RSFQ,
Optoelectronics, Electrostatic and Piezoelectric MEMS, Beamforming and HEMTs.
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