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June 3�7, 2019
Paderborn, Germany

It gives us great pleasure to welcome you to the

26th Central European Workshop on Quantum Optics.

Paderborn University is proud to host this year's workshop of the success-
ful conference series. We aim to have an inspiring meeting with leading
scientists from all over the world, working in the �eld of quantum op-
tics and neighboring areas, to initiate new collaborations and a fruitful
exchange of ideas from fundamental concepts to technological innovations.

Thank you for participating in this meeting and we hope you will enjoy
your time in Paderborn.
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Exhibitors
The CEWQO2019 local organizing committee is very grateful to our

exhibitors for supporting this event. Do take the opportunity to talk to
them during the event.
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Scienti�c Advisory Board
The CEWQO2019 local organizing committee is grateful to all members

of the Scienti�c Advisory Board for their continuing support of this event.

Board Members

Konrad Banaszek, Uniwersytet Warszawski

Christoph Becher, Saarland University

Gunnar Björk, Kungliga Tekniska Högskolan (KTH)

Dagmar Bruÿ, Heinrich-Heine-Universität

Sven Hö�ing, Julius-Maximilians-Universität

Susana Huelga, Ulm University

Igor Jex, Czech Technical University

Myungshik Kim, Imperial College London

Natalia Korolkova, University of St Andrews

Gerd Leuchs, Max Planck Institute for the Science of Light

Margarita Man'ko, P.N. Lebedev Physical Institute

Paolo Mataloni, Sapienza Università di Roma

Antonino Messina, University of Palermo

Richard Mirin, National Institute of Standards and Technology

Giovanna Morigi, Saarland University

Tracy Northup, Universität Innsbruck

Luis L Sanchez-Soto, Universidad Complutense Madrid

Nicolas Treps, Université Pierre et Marie Curie

Werner Vogel, University of Rostock

Ian Walmsley, University of Oxford

Roberta Zambrini, Campus Universitat de les Illes Balears
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Keynote Speakers
The organizing committee and the scienti�c board are grateful to all

keynote speakers for contributing to CEWQO2019.

Plenary Speakers

Rainer Blatt, University of Innsbruck

Carl Caves, University of New Mexico

Mike Raymer, University of Oregon

Jelena Vu£kovi¢, Stanford University

Jörg Wrachtrup, University of Stuttgart

Invited Speakers

Andreas Buchleitner, Albert-Ludwigs-Universität Freiburg

Animesh Datta, University of Warwick

Rafaª Demkowicz-Dobrza«ski, University of Warsaw

Jürgen Eschner, Saarland University

Alejandro González-Tudela, Instituto de Fisica Fundamental-CSIC

Xianmin Jin, Shanghai Jiao Tong University

Tamás Kiss, Wigner Research Center for Physics of the Hungarian
Academy of Sciences

Norbert Lütkenhaus, University of Waterloo

Chiara Macchiavello, University of Pavia

Valentina Parigi, Laboratoire Kastler Brossel, Sorbonne Université

Matteo G A Paris, University of Milan

Mauro Paternostro, Queen's University Belfast

Wolfram Pernice, University of Muenster

Tim C Ralph, University of Queensland
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Hugues de Riedmatten, Institute of Photonic Sciences

Piet O Schmidt, PTB, Leibniz Universität Hannover

Henning Schomerus, Lancaster University

Pascale Senellart, Center for Nanoscience and Nanotechnology

Vincenzo Tamma, University of Portsmouth

Philip Walther, University of Vienna

Lijian Zhang, Nanjing University

Val Zwiller, Royal Institute of Technology (KTH)
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Venue
Heinz Nixdorf MuseumsForum (HNF)

Entrance

Cloakroom

Auditorium

S5 Childcare

Exhibitors
(coffee, lunch)

 Room A 

Welcome Desk

 Room B 

Essentials

• The Welcome Desk opens for registrations at 8.00am on Monday and
8.30am on Tuesday�Friday.

• Free internet access is provided via �eduroam� and the venue's wi�
network �HNF�.

• Non-parallel sessions: Auditorium
Parallel sessions: Rooms A and B

• Lunch & co�ee breaks are provided in the Exhibitor Area.

• Emergency phone contact of local organizer Tim Bartley:
+49 176 3761 2403
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Additional housekeeping

• Please do not use HNF's cafeteria because of capacity limitations.

• Lockers and cloakroom can be found downstairs.
(Cloakroom not available on Monday and after 5.30pm.)

• Please contact the CEWQO2019 Welcome Desk
if you have any questions.

Childcare

• Childcare is located in S5.

• Opening times | Mon, Tue, & Thu: 9.00am�5.30pm, Wed: 9.00am�
12.30pm, Fri: 9.00am�3.00pm

• During lunch breaks (12.30pm�2.00pm), no childcare is available.

Information for presenters

• Speakers.

� Duration (including discussion): 45 min for plenary, 30 min for
invited, 20 min for contributed talks

� Usage of your own device is encouraged; please check connec-
tions before session.

� Projector connections: VGA and HDMI

� Please bring your own adapters if necessary (e.g., for Apple
devices).

� Supported aspect ratios: 16 : 9 (preferred) and 4 : 3

� Microphones and headsets as well as laser pointers and presen-
ters are available.

� A local helper in the audience will be able to assist you if re-
quired.

• Poster presenters.

� Please use the spot corresponding to the number of your poster
presentation.

� Format: A0, portrait
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Paderborn overview

Paderborn
University

HNF
CEWQO2019

v Neuhäuser Tor

v Schulbrede
v Hauptbahnhof

Maspernplatz/Paderhalle

v MuseumsForum
Fürstenallee

v Frauenklinik

Pohlw
eg Lab tours

Warburger Straße

v Westerntor

Liboribrunnen

H
usener Straße

Please note that Google maps doesn't show correct information for
public transport connections in Paderborn. We recommend you use the
PaderSprinter or Deutsche Bahn apps, or go to www.padersprinter.de.

Please visit cewqo2019.upb.de for further information
and updates to the program and social activities.
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Social activities
HNF museum

• As conference attendees, you have free admission to HNF's mu-

seum, the world's largest computer museum (open Tuesday�Friday).

• If you are interested in a guided museum tour on Friday after the
conference, please contact the Welcome Desk.

Conference dinner

• The conference dinner takes place at Gut Lippesee (Münsterstraÿe
122, 33106 Paderborn) on Wednesday, starting at 7.30pm.

• Coaches, departing at 7.00pm, will take you fromMaspernplatz/Paderhalle
(see city map on page 15) and the university (close to the meeting
point for lab tours; see map on page 14) to Gut Lippesee.

• Return coaches are leaving at 10.00pm and 10.30pm to the city center
(Maspernplatz/Paderhalle).

• There is also the possibility to use public transport (bus line 68) or
order a taxi; see map below for the closest stop.

• Please con�rm your participation at the Welcome Desk.

Conference dinner location

Hohe Kamp
Public bus stop

Line 68

Gut Lippesee
Münsterstraße 122
33106 Paderborn

700 meters walking distance

www.openstreetmap.org
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Lab tours

• Wednesday afternoon, two lab tours are available (3.00pm and 5.00pm).
Both session will visit quantum optics labs and clean rooms.

• Meeting for lab tours is at building P8 (Pohlweg 47�49, 33098 Pader-
born) at the university campus; see map below.

• Spaces are limited to 50 people per tour, allocated on a �rst-come,
�rst-serve basis.

• Please register at the Welcome Desk.

Paderborn University campus

Meeting point
for lab tours

P8.03.09
Silberhorn Secretary

Cafeteria

City centre

City centre

Bus

Bus

Bus
Bus

Bus
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City tours

• Two guided city tours (both in English, 90 minutes) are available on
Wednesday afternoon.

• 1st tour (starting 3.00pm): from Maspernplatz to Liboribrunnen
2nd tour (starting 5.00pm): from Liboribrunnen to Maspernplatz
(Note that coaches to conference dinner leave at Maspernplatz.)

• Spaces are limited to 50 people per tour, allocated on a �rst-come,
�rst-serve basis.

• Please register at the Welcome Desk.

City center

Liboribrunnen

Maspernplatz/
Paderhalle

v
 W

es
te

rn
to

r

v Neuhäuser Tor
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Some recommended restaurants

Name Address Style [pricing]

Road House Downtown
Paderborn

Markt 9 American [ee]

Koya Neuhäuser Straÿe 1 Asian [ee]
Hans im Glück Marienplatz 18 Burger [ee]
Lockvogel Burger Bar Kisau 6 Burger [ee]
Padercafe Fürstenallee 53 Café [e]
ChiHot Giersstraÿe 29 Chinese [e]
Havana An der Alten Synagoge 1 Cuban [ee]
Kupferkessel Marienstraÿe 14 European [eee]
Galerie-Hotel Bachstraÿe 1 German/French [eee]
Deutsches Haus Kisau 9 German [ee]
Libori Eck Liboristraÿe 5 German [ee]
Cafe Restaurant Zu den
Fischteichen

Dubelohstraÿe 92 German [eee]

Bobberts Kötterhagen 3 German/Medi-
terranean [eee]

Goa Curry Westernmauer 86 Indian [ee]
Indian Palace Riemekestraÿe 8 Indian [ee]
Kampus Kamp 12 International [ee]
Paderborner Brauhaus Kisau 2 International [ee]
Kö13 Neuer Platz 7 International [ee]
KORO Kitchen Königsstraÿe 33 International [e]
Pane e Vino Mühlenstraÿe 33 Italian [eee]
Trattoria Il Postino Jühenplatz 1-3 Italian [eee]
Orangerie Mühlenstraÿe 6 Italian [ee]
Trattoria Bar Angelo Mühlenstraÿe 2 Italian [ee]
L'Osteria Königsplatz 15 Italian [ee]
Paderschänke An der warmen Pader 13 Mediterranean [ee]
El Chingón Kamp 31 Mexican [ee]
Granada Mühlenstraÿe 24 Spanish [ee]
Campesino Kisau 11 Spanish [ee]
First Floor Westernmauer 38 Steaks [eee]
Gaucho Mühlenstraÿe 3 Steaks [ee]
La Pampa Hathumarstraÿe 16 Steaks [ee]
El Rancho An der warmen Pader 9 Steaks [ee]
Kyoto Sushi Bar Heiersstraÿe 31 Sushi [ee]
Made in Bärlin Westernmauer 3 Döner [e]
Bärlin Curry Kisau 3 Currywurst [e]
Schützenhof Schützenplatz 1 Biergarten [ee]
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Program



Session Overview
Monday Tuesday

Wednesday
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Thursday Friday
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Monday | June 3, 2019

Mon.am.1: Quantum Information Processing I
Chair: Christine Silberhorn | Auditorium

9.15am�9.45am: Christine Silberhorn, �CEWQO2019: Welcome,� in-
cluding greetings from Michael Dreier (Mayor of the City of Paderborn)
and Birgitt Riegraf (President of Paderborn University)

9.45am�10.30am, plenary talk: Rainer Blatt, �Quantum Computation
and Quantum Simulation with Trapped Ca+ Ions�

Mon.am.2: Quantum Information Processing II
Chair: Tim C Ralph | Auditorium

11.00am�11.30am, invited talk: Andreas Buchleitner, �Entangle-
ment dynamics under atmospheric turbulence� (presented by Giacomo
Sorelli)

11.30am�11.50am: Alexander Streltsov, �Quantum coherence and state
conversion: theory and experiment�

11.50am�12.10pm: Luca Mazzarella, �Quantum Research CubeSat
(QUARC)�

12.10pm�12.30pm: Kai Redeker, �Device-Independent Certication of a
398 m Link for Future Quantum Networks�

Mon.pm.1A: Quantum
Simulation I
Chair: Mauro Paternostro | Room A

Mon.pm.1B: Quantum Sensing I
Chair: Animesh Datta | Room B

2.00pm�2.30pm, invited talk:
Henning Schomerus, �Topological
e�ects in active media�

2.00pm�2.30pm, invited talk:
Matteo G A Paris, �Squeezing
phase di�usion�
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2.30pm�2.50pm: Magdalena
Stobinska, �Photonic quantum
simulations of SSH-type topolog-
ical insulators with perfect state
transfer�

2.30pm�2.50pm: Ilaria Gianani,
�Multiparameter quantum phase es-
timation for tracking of chemical
processes�

2.50pm�3.10pm: Tobias Geib,
�Topological aspects of discrete and
continuous time quantum walks on
one dimensional lattices�

2.50pm�3.10pm: Vasiliy Makhalov,
�Non-gausian states for enhanced
sensing of magnetic �elds�

3.10pm�3.30pm: Bo Wang, �Exper-
imental observation of topologically
protected bound states with vanish-
ing Chern numbers in two dimen-
sional quantum walk�

3.10pm�3.30pm: Andrey
Rakhubovsky, �Stroboscopic
High-Order Nonlinearity in Op-
tomechanics�

Mon.pm.2A: Quantum
Correlations & Entanglement I
Chair: Alexander Streltsov | Room A

Mon.pm.2B: Fundamentals of
Quantum Optics I
Chair: Michael Stefszky | Room B

4.00pm�4.30pm, invited talk:
Mauro Paternostro, �Revealing
quantumness without looking�

4.00pm�4.30pm, invited talk:
Hugues de Riedmatten, �Integrated
Multiplexed Photonic Quantum
Memories�

4.30pm�4.50pm: Andreas Ketterer,
�Characterizing multipartite entan-
glement with moments of random
correlations�

4.30pm�4.50pm: Boulat Bash,
�Fundamental limits of discrete-
modulation quantum-secure covert
optical communication�

4.50pm�5.10pm: Jasmin Meinecke,
�Detection of Genuine Multipartite
Entanglement Without Any Refer-
ence Frames�

4.50pm�5.10pm: Michael Johan-
ning, �Experimental implementa-
tion of a device-independent dimen-
sion test for quantum systems using
genuine temporal correlations�

5.10pm�5.30pm: Tatiana
Mihaescu, �Detecting entanglement
of unknown continuous variable
states with random measurements�

5.10pm�5.30pm: Margarita
Man'ko, �Hidden correlations and
information-entropic inequalities in
systems of qudits�

21



Tuesday | June 4, 2019

Tue.am.1: Quantum Sensing II
Chair: Radim Filip | Auditorium

9.15am�10.00am, plenary talk: Jörg Wrachtrup, �Multiparameter
quantum sensing with nanoscale resolution� (presented by Ilja Ger-
hardt)

10.00am�10.30am, invited talk: Chiara Macchiavello, �Detection of
bounds on quantum channel capacities and entanglement properties
from limited local measurements�

Tue.am.2: Quantum Metrology I
Chair: Myungshik Kim | Auditorium

11.00am�11.30am, invited talk: Animesh Datta, �Quantum sensing:
Multiple parameters fault tolerance�

11.30am�12.00pm, invited talk: Lijian Zhang, �Precision metrology
using weak measurement�

12.00pm�12.30pm, invited talk: Rafaª Demkowicz-Dobrza«ski, �Quan-
tum error correction in multi-parameter quantum metrology�

Tue.pm.1A: Quantum Sensing III
Chair: Otfried Gühne | Room A

Tue.pm.1B: Quantum
Simulation II
Chair: Henning Schomerus | Room B

2.00pm�2.30pm, invited talk: Piet
O Schmidt, �Motional Fock states
for quantum-enhanced amplitude
and phase measurements with
trapped ions�

2.00pm�2.30pm, invited talk:
Vincenzo Tamma �The quantum
computational and metrologi-
cal supremacy of multiphoton
interference with scalable sources�

2.30pm�2.50pm: Jascha Zander,
�A trajectory in phase-space sur-
passing the Heisenberg-uncertainty
limit�

2.30pm�2.50pm: Andrea Smirne,
�Simulation of non-Markovian dy-
namics by certi�ed auxiliary mod-
els�
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2.50pm�3.10pm: Dominic
Branford, �Quantum enhanced
estimation of di�usion�

2.50pm�3.10pm: Aurelian Isar,
�Dynamics of quantum coherence
of two-mode Gaussian systems in a
thermal environment�

3.10pm�3.30pm: Jonas Junker,
�High-Precision Spectroscopy En-
hanced with Squeezed Light�

3.10pm�3.30pm: Paulina Marian,
�Quantum speed of evolution in a
�nite-temperature bosonic environ-
ment�

Tue.pm.2A: Quantum
Light-Matter Interaction I
Chair: Richard Mirin | Room A

Tue.pm.2B: Fundamentals of
Quantum Optics II
Chair: Margarita Man'ko | Room B

4.00pm�4.30pm, invited talk:
Wolfram Pernice, �Waveguide
integrated single photon detectors�

4.00pm�4.30pm, invited talk:
Tamás Kiss, �Measurement in-
duced complex chaos in quantum
protocols�

4.30pm�4.50pm: Emanuele
Distante, �Time entanglement
between a photon and a spin-wave
in a multimode solid-state quantum
memory�

4.30pm�4.50pm: Nathan Walk,
�Optimal realistic attacks in
continuous-variable quantum key
distribution�

4.50pm�5.10pm: Dorian Ganglo�,
�Quantum coherent interface of an
electron and a nuclear ensemble�

4.50pm�5.10pm: Georgios
Nikolopoulos, �Quantum-safe
entity authentication with physical-
unclonable keys�

5.10pm�5.30pm: András Vukics,
�From superradiant criticality to
solidi�cation � fundamental limi-
tation of ultrastrong coupling be-
tween light and atoms�

5.10pm�5.30pm: Radim Filip,
�Quantum non-Gaussian multipho-
ton light�

Tue.Poster: Poster Session I
5.30pm�8.00pm | See poster session details on page 29.
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Wednesday | June 5, 2019

Wed.am.1: Quantum Light-Matter Interaction II
Chair: Benjamin Brecht | Auditorium

9.15am�10.00am, plenary talk: Dagmar Bruÿ, �[tba]�

10.00am�10.30am, invited talk: Jürgen Eschner, �Quantum networking
tools with single atoms and single photons�

Wed.am.2A: Quantum
Light-Matter Interaction III
Chair: Jürgen Eschner | Room A

Wed.am.2B: Fundamentals of
Quantum Optics III
Chair: Matteo G A Paris | Room B

11.00am�11.30am, invited talk:
Pascale Senellart, �Generation of
non-classical light in a photon-
number superposition�

11.10am�11.30am: Vladimir
Man'ko, �Probability represen-
tation of photon states and
tomography�

11.30am�11.50am: Hui Wang, �On-
demand semiconductor source of
entangled photons which simulta-
neously has high �delity, e�ciency
and indistinguishability�

11.30am�11.50am: Jaehak Lee,
�No-cloning bound and secure tele-
portation beyond Gaussian states�

11.50am�12.10pm: Stephan
Götzinger, �Close to perfect
coupling of single photons to a
single molecule in a microcavity�

11.50am�12.10pm: Gunnar Björk,
�Evaluating the performance of
Photon-Number-Resolving detec-
tors�

12.10pm�12.30pm: Hyang-Tag
Lim, �Observation of enhanced
interactions between dipolar po-
laritons�

12.10pm�12.30pm: David Phillips,
�Photon-Number-Resolved Homo-
dyne Detection�

Wednesday afternoon
Social activities, including conference dinner; see pages 13�15.
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Thursday | June 6, 2019

Thu.am.1: Ultrafast Quantum Optics I
Chair: Gunnar Björk | Auditorium

9.15am�10.00am, plenary talk: Mike Raymer, �Phase-Modulated Two-
Photon Interferometry and Spectroscopy�

10.00am�10.30am, invited talk: Tim C Ralph, �Quantifying entangle-
ment in Gaussian states�

Thu.am.2: Ultrafast Quantum Optics II
Chair: Val Zwiller | Auditorium

11.00am�11.30am, invited talk: Valentina Parigi, �Quantum Frequency
comb for Quantum Complex Networks� (presented by Syamsundar De)

11.30am�11.50am: Francesco Gra�tti, �High e�ciency pulsed spectral-
mode entanglement generation�

11.50am�12.10pm: Nicolas Quesada, �Scalable squeezed light source
for continuous variable quantum sampling�

12.10pm�12.30pm: Xiaoying Li, �Flexible engineering of quantum state
using nonlinear interferometer�

Thu.pm.1A: Ultrafast Quantum
Optics III
Chair: Vahid Ansari | Room A

Thu.pm.1B: Quantum
Correlations & Entanglement II
Chair: Syamsundar De | Room B

1.50pm�2.10pm: Matthieu
Ansquer, �Modal analysis of
optical frequency comb's dynamic�

2.10pm�2.30pm: Giuseppe Patera,
�Modal approach to quantum tem-
poral imaging�

2.00pm�2.30pm, invited talk:
Alejandro González-Tudela, �Un-
conventional quantum optics in
structured photonic environments�
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2.30pm�2.50pm: Sacha Schwarz,
�Reconstructing ultrafast energy-
time entangled two-photon pulses�

2.30pm�2.50pm: Olga Tikhonova,
�Controllable enhancement of non-
classical squeezed light in correlated
orbital momentum modes�

2.50pm�3.10pm: Thiago Lucena
de Macedo Guedes, �Ultrabroad-
band squeezed pulses and �nite-
time Unruh-Davies e�ect�

2.50pm�3.10pm: Vincenzo
D'Ambrosio, �Tunable two-photon
quantum interference of structured
light�

3.10pm�3.30pm: Filip So±nicki,
�Bridging sub-GHz and telecom
spectral bandwidths of single-
photon pulses�

3.10pm�3.30pm: Ti� Brydges,
�Probing Renyi Entanglement En-
tropy via Randomised Measure-
ments�

Thu.pm.2A: Integrated
Quantum Optics
Chair: Natalia Korolkova | Room A

Thu.pm.2B: Quantum
Correlations & Entanglement III
Chair: Norbert Lütkenhaus | Room B

4.00pm�4.30pm, invited talk:
Xianmin Jin, �3D photonic quan-
tum chips and quantum simulation�

4.00pm�4.30am, invited talk: Val
Zwiller, �Nanodevices for emission
and detection of single photons�

4.30pm�4.50pm: Olivier Alibart,
�Con�gurable two-photon heralded
Fock-States on a chip�

4.30pm�4.50pm: Karol
Bartkiewicz, �Kernel-based quan-
tum machine learning with pho-
tons�

4.50pm�5.10pm: Jeremy Adcock,
�Recon�gurable four-photon graph
states on a silicon chip�

4.50pm�5.10pm: Iulia Ghiu, �Sud-
den death and rebirth of entangle-
ment of the Werner state obtained
by using time-dependent magnetic
�elds�

5.10pm�5.30pm: Yichen Liu, �Com-
pact source of narrow-band counter-
propagating polarization-entangled
photon pairs using a periodically
poled KTP waveguide�

5.10pm�5.30pm: Jia Kong,
�Measurement-induced macro-
scopic entanglement generation in
a hot, strongly interacting atomic
system�

Thu.Poster: Poster Session II
5.30pm�8.00pm | See poster session details on page 31.
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Friday | June 7, 2019

Fri.am.1: Quantum Metrology II
Chair: Mike Raymer | Auditorium

9.15am�10.00am, plenary talk: Carl Caves, �Finding SU(1,1) interfer-
ometry where you didn't expect to�

10.00am�10.30am, invited talk: Philip Walther, �Quantum photonics
for secure quantum computing and novel communication tasks�

Fri.am.2: Quantum Simulation III
Chair: Vincenzo Tamma | Auditorium

11.00am�11.30am, invited talk: Norbert Lütkenhaus, �Quantum Com-
munication with Coherent States of Light�

11.30am�11.50am: Jelmer Renema, �The Hardness of Boson Sampling
under Imperfections�

11.50am�12.10pm: Ish Dhand, �All-optical generation of tensor net-
work states via nonlinearity or post-selection�

12.10pm�12.30pm: Aurél Gábris, �Benchmarking quantumness of a
two-photon quantum walk simulator�

Fri.pm: Fundamentals of Quantum Optics IV
Chair: Christine Silberhorn | Auditorium

2.00pm�2.20pm: Alexander Sergienko, �New Linear-Optical Approach
to Quantum Information Processing and Quantum Simulation�

2.20pm�2.40pm: Ling-An Wu, �High-Resolution Low-Radiation Ghost
Imaging with an Incoherent X-ray Source�

2.40pm�3.00pm: Christine Silberhorn, �CEWQO2019: Closing Re-
marks�
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Poster Sessions
Tue.Poster: Poster Session I
Tuesday | June 4, 2019 | 5.30pm�8.00pm | Snack: Bier & Brezeln

1. Young-Wook Cho, �Experimental observation of a quantum Cheshire
cat using a weak measuring device� (Room B)

2. Zhihong Zhu, �Optical activity in monolayer black phosphorus� (Room B)

3. Matthias Kizmann, �Substantially squeezed states of light from a
time �ow perspective� (Room B)

4. Marc-Oliver Pleinert, �Many-particle interference to test Born's rule�
(Room B)

5. Piotr Gªadysz, �Evolution of a low-frequency impulse in a medium
of asymmetric atomic systems� (Room B)

6. Marta Misiaszek, �Method for a photon number statistics estimation�
(Room B)

7. Christian Brand, �Di�raction of atoms through a crystalline grating
with sub-nm period� (Room B)

8. Feixiang Xu, �Experimental quanti�cation of coherence of Quantum
Measurement� (Room B)

9. Jan Olthaus, �Simulation of NV centers coupled to silicon nitride
photonic crystal nanobeam cavities� (Stage)

10. Marlon Placke, �Dispersion-engineered AlGaAs-on-insulator waveg-
uides for integrated nonlinear quantum optics� (Stage)

11. Melanie Engelkemeier, �Quantum feedback in parametric down-con-
version� (Stage)

12. Jan Philipp Höpker, �Towards integrating superconducting nanowire
single photon detectors on lithium niobate waveguides� (Stage)

13. Frederik Thiele, �Polarisation Modulation in Cryogenic Lithium Nio-
bate Waveguides� (Stage)

14. Stepan Balybin, �Properties of squeezed light generated in ring mi-
croresonators� (Stage)

15. (withdrawn)
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16. Francesco Albarelli, �The Holevo Cramér-Rao bound for multi-parameter
quantum metrology� (Exhibition)

17. Evangelia Bisketzi, �Quantum limits to the superresolution of multi-
ple point sources� (Exhibition)

18. Vahid Ansari, �Quantum-limited time-frequency multiparameter es-
timation through mode-selective photon measurement� (Exhibition)

19. Aron Vanselow, �Mid-infrared frequency-domain optical coherence
tomography with undetected photons� (Exhibition)

20. Paul Kaufmann, �A nonlinear interferometer for mid-infrared spec-
troscopy with undetected photons� (Exhibition)

21. Ilya Karuseichyk, �Super-resolution by accessing spatiotemporal cor-
relations� (Exhibition) (presenter changed)

22. Martin Paur, �Optical Resolution at the Quantum Fisher Informa-
tion Limit� (Exhibition)

23. Mattis Reisner, �High-accuracy measurement of refractive index dif-
ference for �ber laser applications� (Exhibition)

24. (withdrawn)

25. Jesús Rubio, �Quantum networks for multi-parameter metrology�
(Exhibition)

26. Danilo Triggiani, �Quantum metrology with squeezed states� (Exhi-
bition)

27. Mikhail Korobko, �The bene�ts of internal squeezing in cavity-enhanced
sensing� (Exhibition)

28. Jasminder Sidhu, �Optimal estimation of complex squeezing in phase
space� (Exhibition)

29. Helen Chrzanowski, �Imaging with undetected photons in the mid-
Infrared� (Exhibition)

30. Johannes Tiedau, �Limits for heralding higher-order Fock states�
(Room A)

31. Liang Xu, �Directly Characterizing QuantumMeasurement via Weak
Value� (Room A)
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32. Paul Renault, �Squeezed state measurement using multipixel homo-
dyne detection� (Room A)

33. Dominik Koutny, �Compressed sensing of twisted photons� (Room A)

34. Seckin Se�, �Deterministic implementation of two mode cubic cou-
pling� (Room A)

35. Dmitri Horoshko, �Operator ordering sensitivity: measure of non-
classicality of a quantum state� (Room A)

36. Matthew Thornton, �E�cient generation of sub-Poissonian light via
coherent di�usive photonics� (Room A)

37. Daria Popolitova, �Interaction of Three-level Atom with Non-Classical
Light and Generation of Non-Gaussian States� (Room A)

38. Takeo Kamizawa, �On Shifner-Erugin-Salakhova-Chebotarev Type
Open Systems� (Stage)

39. Dario Tamascelli, �E�cient simulation of �nite-temperature open
quantum systems� (Stage)

40. Andrea Geraldi, �Experimental realization of an innovative Phase-
Stable Bulk-Optic scheme for Quantum Walks� (Stage)

41. Lennart Lorz, �Photonic quantum walks with four-dimensional coins�
(Stage)

42. Thomas Nitsche, �Quantum Walks with Non-classical Input States�
(Stage)

43. Syamsundar De, �A Single-Photon Source for Time-Multiplexed Quan-
tum Walk� (Stage)

44. (upgraded to talk)

45. Bo Liu, �Accurate Time Synchronization for Satellite-to-Ground Quan-
tum Key Distribution� (Room A)

46. Tobias Huber, �Towards a solid-state quantum repeater using highly
e�cient single photon sources� (Room A)

47. Xiaoqin Gao, �Arbitrary d-dimensional Pauli X-Gates of a �ying
Qudit� (Exhibition)

Thu.Poster: Poster Session II
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1. Roberto Grimaudo, �Cooling of Many-Body Systems via Selective
Interactions� (Room B)

2. Lei Wang, �Experimental High-Dimensional Einstein-Podolsky-Rosen
Steering� (Room A)

3. Antonino Messina, �Coupling-assisted Landau-Majorana-Stuckelberg-
Zener transitions in two-interacting-qubit systems� (Stage)

4. Karolina S¦dziak-Kacprowicz, �Single photon temporal wavepacket
control for qudit encoding� (Stage)

5. Orsolya Kalman, �Sensitivity to initial noise in measurement-induced
nonlinear quantum protocols� (Stage)

6. Chen Dong, �Free-space measurement-device-independent quantum
key distribution with gamma-gamma distribution� (Stage)

7. (upgraded to talk)

8. Xin Hua, �Chip-based compact squeezing experiment at a telecom
wavelength� (Stage) (presenter changed)

9. Faezeh Kimiaee Asadi, �Quantum repeaters with individual rare-
earth ions at telecommunication wavelengths� (Stage)

10. Simon Neves, �Practical Authenticated Quantum Teleportation and
Anonymous Transmission� (Stage)

11. Bo Liu, �Statistical Fluctuation Analysis for QKD between Micius
Satellite and Graz Ground Station� (Stage)

12. Xiaolong Su, �Distribution of Gaussian Einstein-Podolsky-Rosen steer-
ing by separable states� (Stage)

13. Alessio Avella, �Optimized quantum di�erential ghost imaging� (Stage)

14. Kate°ina Jiráková, �Experimental demonstration of Hardy's paradox
using three-qubit states� (Stage)

15. Chris Müller, �Time correlation of photon pairs from a triply-resonant
optical parametric oscillator far below threshold� (Stage)

16. Matthieu Arnhem, �Weak realignment criterion for detecting continuous-
variable entanglement� (Exhibition)
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17. Armando Perez-Leija, �Certifying quantum correlations of photon
subtracted two-mode squeezed vacuum states� (Exhibition)

18. Mayerlin Nunez Portela, �Measuring entangled two photon absorp-
tion cross sections and controlling the frequency correlations of paired
photons for spectroscopic applications� (Exhibition)

19. Nicolò Piccione, �Energy bounds for entangled states� (title changed)
(Exhibition)

20. Iskender Yalcinkaya, �Synchronizing spins in a collision model� (Ex-
hibition)

21. Alessandro Ferreri, �The multimode four-photon Hong-Ou-Mandel
interference� (Exhibition)

22. Matvei Riabinin, �Measurement-induced nonlinearities in two-mode
systems� (Exhibition)

23. Fabian Laudenbach, �Intrinsic entanglement generation on polymer-
based integrated circuit� (Exhibition)

24. Vladislav Sukharnikov, �Managing weights and probing the phases
of Schmidt modes of squeezed vacuum light� (Exhibition)

25. Mathilde Remy, �Survival of quantum entanglement in transmission
without plasmonic resonance� (Exhibition)

26. Ji°í Svozilík, �Entanglement Witness for Hybrid Bipartite States
Based on the Negativity Volume of the Wigner Function� (Exhi-
bition)

27. Dmitri Boiko, �Validation of échelle-based quantum-classical discrim-
inator with novelty SPAD array sensor� (Exhibition)

28. Roman Zakharov, �Photon Correlations In Strongly Non-Degenerate
Parametric Down Conversion� (Exhibition)

29. Serban Suciu, �Resource Theory in two-mode Gaussian Open Sys-
tems� (Exhibition)

30. Evan Meyer-Scott, �Quantum bu�ering for time-multiplexed multi-
photon entanglement� (Exhibition)

31. Nicolas Quesada, �The Classical Complexity of Gaussian Boson Sam-
pling� (Room A)
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32. Alexandra Moylett, �Quantum simulation of partially distinguishable
boson sampling� (Room A)

33. Saleh Rahimi-Keshari, �In situ characterization of linear-optical net-
works in randomized boson sampling� (Room A)

34. (withdrawn)

35. Wolf-Rüdiger Hannes, �Dynamic approach to multi-photon absorp-
tion of semiconductors using a two-band model� (Room A)

36. Jianfa Zhang, �Optical trapping at the nanoscale with graphene plas-
monic nanostructures� (Room A)

37. Peter Grünwald, �Higher-order correlation function g(k) and sub-k
photon projection� (Room A)

38. AlexWidhalm, �Ultrafast electric control of coherent quantum states�
(Room A)

39. Dirk Heinze, �A Single Photon Source based on Two-Photon Emis-
sion from a Quantum-Dot Biexciton� (Room A)

40. Igor Khramtsov, �Instantaneous generation of single-photons from
NV centers in diamond upon electrical excitation� (Room A)

41. Ilaria Gianani, �Measuring quantum coherence through statistical
properties� (Exhibition) (presenter changed)

42. Chong Li, �Lyapunov�based cooling of mechanical oscillator with
arbitrary frequency (Room B)

43. Hamid Hamedi, �Azimuthal modulation of electromagnetically in-
duced transparency using structured light� (Room B)

44. Mohamed Musa, �Comparison of semiclassical and fully quantum
mechanical models of two and three level atoms interacting with a
quantized cavity mode� (Room B)

45. Richard Lopp, �Relativistic light-matter interaction of an atom� (Room B)

46. Victor Roman-Rodriguez, �Feasability study of satellite quantum key
distribution with continuous variables� (Room B)

47. (withdrawn)

48. Monika Mycroft, �Long-range distribution of multiphoton entangle-
ment� (Room B)
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Reconfigurable four-photon graph states on a silicon chip

Jeremy C. Adcock, Caterina Vigliar, Raffaele Santagati,
Joshua W. Silverstone, and Mark G. Thompson

Quantum Engineering Technology Labs, H. H. Wills Physics Laboratory, Tyndall Avenue, Bristol, BS8 1TL, UK

Abstract

Integrated quantum photonics has so far been constrained to two on-chip generated photons. We present
the first device to wield four-photon entanglement, generating both the star and line graph states. Further,
we measure record levels of on-chip quantum interference. Finally, we bound the leading sources of error,
combining a detailed model of the device with Bayesian parameter estimation, paving the way to scalability.

Quantum computers promise a paradigm shift in humanity’s capability to process information. Meanwhile,
measurement-based quantum computing—based on graph states—provides the prevailing architecture for large-
scale quantum computation [1]. Silicon quantum photonics is a high-performance, scalable quantum technology
platform, boasting circuits of unparalleled scale [2], and simultaneous indistinguishable photon pairs [3].

Here, we generate both kinds of four-photon graph state using a silicon chip. Four on-chip sources of
spontaneous four-wave mixing generate two Bell pairs in four dual-rail qubits. The Bell pairs are then entangled
using a two-qubit gate, programmably generating either star and line type graph states—a first in optics. Then,
reconfigurable local operations rotate the state into any of the other four-qubit graph states and implement
measurement projectors. The photons are subsequently detected off chip by superconducting nanowire single
photon detectors. Fig. 1a shows a schematic of the device.

Fig. 1: a) Overview of the experiment. Star and line graph states are shown with their locally equivalent states and fidelities. b)
A fringe demonstrating record on-chip HOM interference. c) Bayesian parameter estimates of on-chip photon indistinguishability.

Our star and line graph states have fidelities of 0.78±0.01 and 0.68±0.02 respectively. Further, our on-chip
Hong-Ou-Mandel (HOM) interference visibility, VHOM = 0.80 ± 0.01, is state of the art, verifying our photons’
purity (see Fig. 1b). We also bound the device’s dominant sources of error by Bayesian parameter estimation
(e.g. Fig. 1c). Our device breaks the multiphoton barrier for integrated quantum photonics, and demonstrates
programmable entanglement generation, expediting progress towards quantum computing with photons.

[1] R. Raussendorf, Measurement-based quantum computation with cluster states, International Journal of
Quantum Information 7, 1053–1203 (2009).

[2] J. Wang et al., Multidimensional quantum entanglement with large-scale integrated optics, Science, eaar7053,
(2018).

[3] I.I. Faruque et al., On-chip quantum interference with heralded photons from two independent micro-ring
resonator sources in silicon photonics, Optics express, 26, 20379–20395 (2018).
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The Holevo Cramér-Rao bound for multi-parameter quantum

metrology

Francesco Albarelli1 and Animesh Datta1

1 Department of Physics, University of Warwick, Coventry CV4 7AL, United Kingdom

Abstract

The Holevo Cramér-Rao bound is the most fundamental precision bound for multi-parameter quantum
estimation. We show that for finite-dimensional systems it can be computed by solving a semidefinite pro-
gram and we discuss how to implement this numerical optimization efficiently, by taking into account the
rank of the state. This bound is more informative for various physically relevant quantum metrological prob-
lems. In particular, we consider two physical applications, phase and loss estimation in optical interferometry
with fixed total photon number states and three-dimensional magnetometry with multiple qubits.

Meaningful precision bounds for multi-parameter quantum estimation are hard to obtain, due to the non-
commutativity of observables in quantum mechanics. The Holevo Cramér Rao bound [1, 2] (HCRB) represents
the ultimate lower bound for the sum of the variances of the estimates of the parameters. In the asymptotic
limit of an infinite number of copies of the state, the HCRB is always attainable by implementing collective
measurements on all the copies [3]; by restricting to single-copy measurements it is attainable for all pure
states [4], but not in general. Crucially, the HCRB is always more informative than the bounds obtained from
symmetric and right logarithmic derivatives (SLD and RLD).

For specific classes of states, the HCRB coincides with the SLD and RLD bounds [5], but a generic closed
form is not known and it is thus expressed implicitly as a minimization. We show that such a minimization is
the minimization of a convex function and that it can easily be converted into a semi-definite program (SDP),
for which many efficient numerical methods have been developed in the last decades (we restrict to finite-
dimensional systems). We then present an efficient numerical implementation that takes into account the rank
of the state to reduce the complexity of the SDP.

We argue that there are several interesting problems in quantum metrology for which the HCRB should be
considered to have more informative results: we study two well-known problems as examples. The first problem
is joint estimation of phase and loss in optical interferometry by using fixed total photon number states [6]. The
second example is sensing of a three-dimensional magnetic field with multi-qubit states [7], we consider both
the noiseless and noisy scenarios.

[1] A. S. Holevo, Probabilistic and Statistical Aspects of Quantum Theory, 2nd ed. (Edizioni della Normale,
Pisa, 2011).

[2] M. Hayashi, ed., Asymptotic Theory of Quantum Statistical Inference (World Scientific, 2005).

[3] K. Yamagata, A. Fujiwara and R.D. Gill, Quantum local asymptotic normality based on a new quantum
likelihood ratio. Ann. Stat., 41, 2197 (2013).

[4] K. Matsumoto, A new approach to the Cramer–Rao-type bound of the pure-state model. J. Phys. A, 35,
3111 (2002).

[5] J. Suzuki, Classification and characterization of quantum parametric models in quantum estimation theory.
arXiv:1807.06990 (2018).

[6] P. J. Crowley, A. Datta, M. Barbieri and I. A. Walmsley, Tradeoff in simultaneous quantum-limited phase
and loss estimation in interferometry. Phys. Rev. A, 89, 023845 (2014).

[7] T. Baumgratz, A. Datta, Quantum Enhanced Estimation of a Multidimensional Field. Phys. Rev. Lett.
116, 030801 (2016).
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Configurable two-photon heralded Fock-States on a chip

X. Hua1, T. Lunghi1, P. Vergyris1, F. Doutre1, M. De Micheli1, G. Sauder1,
Sébastien Tanzilli1, and O. Alibart1

1 Université Cote d’Azur, CNRS, Institut de Physique de Nice, Parc Valrose, 06108 Nice Cedex 2, France

Abstract

We show the potential of Lithium Niobate platform for realizing highly complex circuits for quantum
photonic applications. We demonstrated the most advanced chip enabling four photon generation and high-
speed manipulation for heralding tunable entangled states.

Integrated technologies offer complex and scalable quantum circuits, finding applications in quantum sensing,
secure communication, as well as in quantum computation and simulation, that would be otherwise inaccessible
using bulk-optic approaches. Lithium niobate (LN) has been identify as a key plateform for quantum integrated
photonics mostly for its nonlinear coefficient allowing to efficiently produce photon pairs in low-loss integrated
waveguide [3] and more recently for its electro-optic coefficient [1, 5].

Photon generation and manipulation is reported here on monolithic lithium niobate chip realizing engineered
four photons states enabling heralded entanglement.

Figure 1: Integrated tunable NOON state generator.

Our device enables on-chip manipulation of four photons for the generation of configurable two-photon states
in a heralded fashion [2]. The heralding feature is an important functionality for the next generation of quantum
systems, making it possible to implement efficiently series of quantum operations. More specifically, our device
permits producing a variety of path-coded heralded two-photon states, ranging from product to entangled
states, thanks to real-time configuration capabilities. Standard fibre v-groove routes the pump laser pulses
in two identical periodically poled lithium niobate (PPLN) sources allowing the simultaneous generation of
pairs of photons spectrally distinguishable (at 1560 nm and 1310 nm) via the process of spontaneous parametric
down-conversion. Three integrated optical couplers, tunable via electro-optics effect, ensure respectively the
wavelength demultiplexing of the photons of each pair and then, the manipulation of heralded photon-number
states. The detection of the two 1310 nm photons in the outer modes, heralds the arrival of the two photons at
1560 nm in the inner modes, where the splitting ratio of the final coupler can be tuned from 0/100 to 50/50.
Therefore, the source can prepare on demand, either a two-photon N00N (when splitting ration is 50/50) or a
product state.

[1] H. Jin, F. M. Liu, P. Xu, J. L. Xia, M. L. Zhong, Y. Yuan, J. W. Zhou, Y. X. Gong, W. Wang, S. N. Zhu, “On-Chip
Generation and Manipulation of Entangled Photons Based on Reconfigurable Lithium-Niobate Waveguide Circuits”, Phys.
Rev. Lett., 113, 103601 (2014).

[2] J. C. F. Matthews, A. Politi, D. Bonneau, J. L. O’Brien, “Heralding Two-Photon and Four-Photon Path Entanglement on a
Chip”, Phys. Rev. Lett., 107, 163602 (2011).

[3] S. Tanzilli, W. Tittel, H. De Riedmatten, H. Zbinden, P. Baldi, M. DeMicheli, D.B. Ostrowsky, N. Gisin, “PPLN waveguide
for quantum communications”, The European Physical Journal D - Atomic, Molecular, Optical and Plasma Physics, 18,
155-160 (2001).

[4] T. Meany, L. A. Ngah, M. J. Collins, A. S. Clark, R. J. Williams, B. J. Eggleton, M. J. Steel, M. J. Withford, O. Alibart, S.
Tanzilli, “Hybrid photonic circuit for multiplexed heralded single photons”, Laser and Photonics Reviews, 8, 42-46 (2014).

[5] F. Lenzini, J. Janousek, O. Thearle, M. Villa, B. Haylock, S. Kasture, L. Cui, H.-P. Phan, D. Viet Dao, H. Yonezawa, P.
Koy Lam, E. H. Huntington, M. Lobino, “Integrated photonic platform for quantum information with continuous variables”,
Science Advances, 4, 12 (2018).
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Quantum-limited time-frequency multiparameter

estimation through mode-selective photon measurement

Vahid Ansari1, John M. Donohue1, Jano G. López1,
Jaroslav Řeháček2, Zdeněk Hradil2, Bohumil Stoklasa2, Martin Paúr2,
Benjamin Brecht1, Luis L. Sánchez-Soto3,4, and Christine Silberhorn1

1 Integrated Quantum Optics, Paderborn University, Warburger Strasse 100, 33098 Paderborn, Germany
2 Department of Optics, Palacký University, 17. listopadu 12, 771 46 Olomouc, Czech Republic
3 Departamento de Óptica, Facultad de F́ısica, Universidad Complutense, 28040 Madrid, Spain

4 Max-Planck-Institute für die Physik des Lichts, Staudtstrasse 2, 91058 Erlangen, Germany

Abstract
Projective measurements onto complex optical modes enables quantum-limited precision in parameter

estimation, free of uncertainties arising from overlapping intensity profiles. Here we extend these methods
to the time-frequency space and demonstrate multiparameter estimation of the centroid, the separation, and
the relative intensities of two incoherent light sources with quantum-limited precision.

When attempting to find the distance separations between two incoherent light emitters, it is conventional
to take a full image in order to extract the parameter of interest. The smallest precisely measurable separation,
however, is limited by the point-spread function on the image plane, with a vanishingly small amount of
information available for smaller and smaller separations especially when photon shot noise is the dominant
noise source, e.g. in astronomical observations. This limit can be formalised by the Fisher information, which
quantifies the amount of information accessible per photon detection and is directly associated with Cramér-Rao
lower bound (CRLB). For direct intensity imaging, the Fisher information drops to zero for object separations
smaller than the spread of the optical field, sometimes referred to as Rayleigh’s curse, which limits the usefulness
of photon counting for metrology. Surprisingly, when one calculates the quantum Fisher information [1] (i.e.,
optimised over all possible measurements), the associated quantum CRLB maintains a fairly constant value for
any separation of the sources. This shows the potential for parameter estimation beyond Rayleigh’s curse.

In this work, we extend these techniques and show that mode-selective measurement can be utilised to
estimate separations in time and frequency well below the spread of the source light [2]. We find that mode-
selective measurements are capable of estimating the separation accurately in a regime where intensity-only
measurements would be ineffective. We implement spectrotemporal mode-selective measurements through the
quantum pulse gate (QPG), a sum-frequency generation process in a group-velocity engineered waveguide. By
shaping the strong QPG pump pulse and measuring the upconverted photon, the QPG implements a projective
measurement onto the spectrotemporal mode defined by the QPG pump [3]. For the Gaussian pulses we
consider here, the optimal measurement is the Hermite-Gaussian basis. Measuring only the first two Hermite-
Gauss modes allows us to estimate the sub-bandwidth spectral separation between two incoherently mixed
pulses, well below the CRLB for conventional intensity detection. Furthermore, we go beyond single-parameter
estimation and show how our technique can be used for simultaneous multiparameter estimation of the centroid,
the separation, and the relative intensities of two incoherent sources [4], in both frequency and time. This
is possible by performing optimal detection, in this case, extending our projective measurements to higher-
order Hermite-Gauss modes and their superpositions. By outperforming standard intensity-only detection, our
quantum multiparameter estimation scheme can bring benefit to many practical scenarios.

[1] M. Tsang, E. Nair, and X. M. Lu. Quantum Theory of Superresolution for Two Incoherent Optical Point
Sources. Phys. Rev. X, 6(3):031033, 2016.

[2] J. M. Donohue, V. Ansari, J. Řehaček, Z. Hradil, B. Stoklasa, M. Paúr, L. L. Sánchez-Soto, and C. Silberhorn.
Quantum-Limited Time-Frequency Estimation through Mode-Selective Photon Measurement. Phys. Rev.
Lett., 121(9):090501, 2018.

[3] V. Ansari, G. Harder, M. Allgaier, B. Brecht, and C. Silberhorn. Temporal-mode measurement tomography
of a quantum pulse gate. Phys. Rev. A, 96(6):063817, 2017.

[4] J. Řehaček, Z. Hradil, B. Stoklasa, M. Paúr, J. Grover, A. Krzic, and L. L. Sánchez-Soto. Multiparam-
eter quantum metrology of incoherent point sources: Towards realistic superresolution. Phys. Rev. A,
96(6):062107, 2017.
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Modal analysis of optical frequency comb’s dynamic

Matthieu Ansquer1, Syamsundar De 2 Valentina Parigi1, Nicolas Treps1 Claude Fabre1

1 Laboratoire Kastler Brossel, Sorbonne Université, ENS, Collège de France, 75005 Paris, France
2 Integrated Quantum Optics Group, Applied Physics, University of Paderborn, 33098 Paderborn, Germany

Abstract

We study the dynamic of optical frequency combs using a multimode approach to the noise analysis. The
covariance matrices of the amplitude and phase quadratures of the field are computed thanks to a multipixel
homodyne detection. The noise on the laser’s physical parameters is recovered by identification with the
eigenmodes of the covariance matrices. We further investigate the correlations between amplitude and phase
noises which may gives information on the modelocking process taking place in the laser’s cavity.

Mode-locked femtosecond lasers, or optical frequency combs (OFCs), have become a prevalent tool in metrol-
ogy. They are commonly used in spectroscopy, ranging, as well as for optical clocks. Precision of the measure-
ment is ultimately limited by the stability of the OFCs. Consequently, understanding the dynamic of OFC, i.e.
the noises affecting them, may provide a way to improve those measurements.

For a single frequency laser, noises are separated in amplitude noises (i.e. variation in the photon number),
and phase ones (i.e. variation in frequency). However, for an OFC, composed of roughly 105 spectral lines,
amplitude and phase noises affect each of them individually. Thus, a complete characterisation of the dynamic
is almost impossible due to the gigantic number of degrees of freedom. Yet, it has been theorised that the noise
dynamic of an OFC can be described by four distinct parameters namely, the pulse energy, the carrier envelope
offset (CEO), the repetition rate and the central wavelength of the spectrum, which indicates non-negligible
correlations between the different spectral lines. A particular mode of the electric field can be associated to
each of those quantities [1]. A variation in one of the physical parameter can be seen as the addition to the
unperturbed mean field mode of the noise mode associated to the parameter.

We analyse the dynamic of an optical frequency comb using a multipixel homodyne detection. This scheme
allows the measurement of the laser’s noises at the quantum limit in separated spectral bands as well as their
correlations. The noise modes are retrieved by eigendecomposition of the phase and amplitude covariance
matrices. Those eigenmodes are found to be in good agreement with the theoretical ones associated to the four
previous parameters [2]. We are thus able to characterise the dynamic by identifying each noise individually.
Further investigation will try to identify the different “knobs” to act on in order to reduce one particular noise.
Correlations between phase and amplitude noises are also investigated [3]. Those correlations have only been
studied by a few groups, leaving open a wide field of studies, which may bring new insight on the mode-locking
process. A theoretical study will be conducted. Starting from the master equation or the rubber band model
we will try to understand the correlations observed experimentally.
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Figure 1: Covariance matrices and noise modal decomposition. a) Amplitude covariance matrix, b)
phase and c) amplitude and phase correlation matrix, for noises at 500 kHz. In inset, matrices for noises at 4
MHz, the laser is only affected by the shot noise. d) Mode decomposition of amplitude (red) and phase (green)
covariance matrices on the modes predicted in [1].

[1] H. A. Haus, Y. Lai, Quantum theory of soliton squeezing: a linearized approach, JOSA B Vol. 7, (1990).

[2] R. Schmeissner, J. Roslund, C. Fabre, N. Treps, Spectral noise correlations of an ultrafast frequency comb,
Phys. Rev. Lett. Vol. 113,(2014).

[3] V. Thiel, J. Roslund, C. Fabre, N. Treps, Recovering the dynamics of optical frequency combs from phase-
amplitude noise correlations measurements, arXiv (2018).
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Tunable two-photon quantum interference of structured light

Vincenzo D’Ambrosio1, Gonzalo Carvacho2, Iris Agresti2, Lorenzo Marrucci1 and Fabio Sciarrino2

1 Dipartimento di Fisica, Università di Napoli Federico II, Complesso Universitario di Monte S. Angelo, 80126 Napoli, Italy
2 Dipartimento di Fisica, Sapienza Università di Roma, I-00185 Roma, Italy

Abstract

Structured photons are an interesting resource for quantum optics due to the richness of properties they
show under propagation and in their interaction with matter. One of the key ingredients needed to exploit
the full potential of structured light in quantum domain is the control of quantum interference. We recently
demonstrated how to tune quantum interference between vectorial modes of light by simply adjusting the
parameters of a spin-orbit coupler device. Besides providing a new tool for structured light manipulation,
our technique is intrinsically compact and stable and can be a useful resource for quantum information
processing in complex networks.

Photon-photon interference is a key ingredient in quantum optics as it is exploited in a number of tasks
ranging from quantum metrology applications to entanglement swapping and quantum simulations. In the
original Hong Ou Mandel experiment, the time delay between two photons entering a beam splitter is tuned
in order to observe quantum interference [1]. However, photon-photon interference is not restricted to beam
splitters, moreover other parameters (like polarization or spatial modes), besides time delay, can be controlled
to make indistinguishable the contributions of the two photons to the final state.

Polarization in particular is usually considered to be uniform across the beam profile, however it is possible
to build vectorial beams where the polarization varies across the beam profile according to specific geometries.
These modes have interesting applications in a plethora of fields, both in classical and quantum regime, ranging
from optical trapping to quantum information [2]. In quantum communication in particular, vectorial modes
allow to encode qubits in rotational-invariant single photon states and thus, to overcome the need of a reference
frame shared by the users [3, 4, 5].

Despite the large development of vector beams applications in the quantum domain, fully controlled quantum
interference has been observed only very recently [6]. By exploiting a q-plate, a liquid crystal device that allows
to couple polarization and orbital angular momentum of a light beam, we demonstrated how to tune quantum
interference between vectorial modes of light by simply adjusting the device parameters and with no need of any
interferometric setup. Being based on a single, thin device, our technique is intrinsically compact and stable
and can be a useful resource for quantum information processing in complex networks. More in general, we
believe this result provides a new tool for fundamental research and quantum technologies based on structured
light.
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1050 Brussels, Belgium
2 University of Lille, CNRS, UMR 8523—PhLAM—Physique des Lasers Atomes et Molécules, F-59000 Lille, France

3 Vienna Center for Quantum Science and Technology, Atominstitut, TU Wien, 1040 Vienna, Austria
4 Department of Physics, Institute for Advanced Studies in Basic Sciences (IASBS), Gava Zang, Zanjan 45137-66731, Iran

Abstract
We introduce a weaker but physically implementable version of the so-called realignment criterion for

detecting continuous-variable entanglement. This criterion is weaker than the realignment criterion in the
sense that we were not able to detect any bound-entangled states by using our new criterion. However, the
physical implementation only requires Gaussian transformations and homodyne detection. Moreover, we
improve the criterion by using a filtration method.

One of the difficult question in quantum information science is wether a state is entangled or not. Many
researchers have looked into this topic because entanglement is a valuable resource in quantum information
processing. Both in discrete- and continuous-variable systems, many separability criteria — i.e. conditions that
are necessarily satisfied by a separable state — have been proposed. One can consult [1] for a review, but
the most widely known criterion is the Peres–Horodecki criterion [2, 3], often called PPT criterion for positive
partial transpose. Introduced for discrete-variables systems, it says that if a state is separable, then its partial
transpose state must remain physical. This condition is generally only necessary and becomes sufficient only
for systems of dimension 2 × 2 and 2 × 3. The PPT criterion was generalized to continuous variable by Duan et
al. [4] and Simon [5]. The latter criterion is necessary and sufficient for all 1 × n Gaussian states [6] and n × m
bisymmetric Gaussian states [7]). In all other cases, when a state is entangled but its partial transpose state is
positive, we call it a bound entangled state.

Another interesting criterion is the realignment criterion [8, 9]. Interestingly the realignment criterion has
allowed the detection of some bound entangled states in both discrete [8] and continuous cases [10]. However,
this criterion is difficult to compute, especially for systems of infinite dimensions. To our knowledge, it has only
been computed for Gaussian states and yet, the difficulty increases with the number of modes. In this paper,
we propose a weaker version of the continuous-variable realignment criterion for Gaussian states, and give a
physical implementation of it. Moreover, we show that by using a filtration method it is possible to improve
the criterion. This filtration can be physically implemented as a noiseless attenuation channel applied on the
subsystem with highest mean photon number.

In conclusion, we propose a weak realignment criterion enhanced by a filtration procedure that offers a
physically implementable entanglement criterion for continuous-variable states.
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Abstract

We present a compact and easy-to-use set-up exploiting the association of commercial plug-and-play fibre
components and integrated optics on lithium niobate for the generation and detection of squeezed light at a
telecom wavelength. A squeezing level as high as -2.00±0.05 dB in a single-pass configuration is measured.

Squeezed states of light exhibit a reduce noise level with respect to the classical quantum limit represented by
the shot noise of a coherent state. These states are essential ingredients for a variety of quantum technologies [1].
Accordingly, in view of out-of-the-laboratory applications, we have been assisting to a growing interest towards
compact, stable and versatile realisations, exploiting integrated optics to miniaturise important building blocks
of the squeezing experiments [2, 3, 4]. In our work, we demonstrate that a full miniaturisation of continuous
variable experiments can be achieved by associating integrated optics to mature classical guided-wave technolo-
gies [5]. Our scheme exploits a single photonic circuit for the squeezing generation and detection (see Fig. 1).
Squeezed light at 1560.44 nm is generated via single pass spontaneous parametric down conversion in a periodi-
cally poled waveguide and detected, directly on chip, thanks to a homodyne detector whose interferometric part
relies on an integrated optical coupler. Outside the chip, all the other experiment building blocks are realised
thanks to off-the-shelf plug-and-play fibre components. The wedding between integrated optics and these tech-
nologies allows realising and extremely compact and easy-to-assemble experiment, where stability and spatial
mode matching issues affecting bulk experiments are completely removed. For a CW pump power of 40 mW,
we demonstrate a raw squeezing level of -2.00±0.05 dB, corresponding to - 3.00±0.05 dB when corrected from
avoidable losses [5]. This value represents, to our knowledge, the highest reported squeezing level in single pass
configuration pumped in CW regime and it demonstrates the validity of our approach.

Figure 1: Experimental setup. A fibre coupled CW telecom laser at 1560.44 nm is amplified (EDFA) and split into two by means

of a fibre beam splitter (f-BS). The less intense output serves as local oscillator (LO) while the brighter one is frequency doubled

(SHG) in a periodically poled lithium niobate ridge waveguide and used to pump a on-chip squeezing generation stage (SPDC).

Squeezed light at 1560.44 nm is optically mixed with the LO beam inside the same chip in an integrated directional coupler (IDC).

At the chip output, light is sent to two InGaAs photodiodes (PDs). The LO phase is scanned thanks to a home-made fibre-stretcher.
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Abstract

Differential ghost imaging is one of the more interesting protocols of ghost imaging because of its advan-
tage in the image reconstruction of small or weakly absorbing objects. We develop a model for differential
ghost imaging taking into account channel losses and noise. A new optimized protocol, able to partially
compensate for them, is proposed and compared with the previous protocols, both theoretically and ex-
perimentally. Moreover, we extend the differential ghost imaging protocol to the quantum case, exploiting
experimental quantum twin beams to validate our model and to test our optimized protocol.

Ghost imaging is an imaging technique theoretically proposed in 1994 [1], and experimentally demonstrated
in the following year [2]. Many different variations of the original ghost imaging protocol as been proposed and
experimentally demonstrated [3, 4, 5, 6, 7, 8, 9, 10, 11, 12]. The so called differential ghost imaging, proposed
and demonstrated in 2010 [13], is particularly interesting because it offers a relevant advantage respect to the
conventional technique in the cases of small or weakly absorbing objects. Differential ghost imaging has been
experimentally realized using bright thermal light. Here we extend the differential ghost imaging protocol to the
quantum case, where quantum twin beams are exploited. We develop a model for differential ghost imaging in
terms of the main experimental quantities. The model takes into account channels inefficiencies and electronic
noise of the detector. A new optimized protocol, able to partially compensate for them, is proposed and
compared with the others, both theoretically and experimentally. The role of losses is deeply discussed since in
the quantum regime appears to be extremely relevant. It is possible to note that the mean number of photons
per spatio-temporal mode has a fundamental role in determining the performances of differential ghost imaging.
Finally, we perform the experiment exploiting spontaneous parametric down conversion light with low number
of photons per mode. In order to validate the theoretical model we perform a set of measurement on calibrated
absorbing samples. Then, as an example of possible real application, we reconstruct a complex biological object.
It is important to note that, for the first time to our knowledge, in a ghost imaging experiment, the quantum
advantage is demonstrated exploiting intensity correlations instead of time coincidences.
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Abstract

We report on the new theory approach to describe the correlation properties of photon pairs generated
in high-Q on-chip microresonators in the four wave mixing process. The degree of two-mode squeezing and
photon entanglement are investigated in dependence on different parameters of the pump or microresonator
and the optimal regime for maximum squeezing is found. A special case of the quantum pump is discussed.

Recently, a new class of high-Q micro resonators has been developed, which are extremely promising for the
generation of entangled photon pairs. Before that, the most well known devices are nonlinear bulk crystals
based on the processes of spontaneous parametric down-conversion (SPDC) and spontaneous four wave mixing
(SFWM). Such sources can create radiation with unique properties for different tasks, and for quantum optics
problems. For many applications it is necessary to create photon pairs with a very high degree of two-mode
squeezing or high correlation between photons. That was achieved using large length crystals, which allow to
increase the interaction time inside the nonlinear medium [1]. However, for the problems of creating quantum
devices on chip, increasing the length of the crystal is a big problem. In such a case, to use on-chip microres-
onators is a very good solution [2] that already demonstrates perspectives for quantum optics tasks [3], allows to
achieve a high efficiency of light generation and moreover can be used to store and process quantum information
[4].

The goal of our investigation is a theoretical analysis of correlation properties in generated photon pairs.
Though there are some theoretical works describing nonlinear generation in resonators [5], here we extend the
known theoretical approach to describe the SFWM specifically in high-Q on-chip resonators and focus on the
searching the optimal regimes and parameters for greatest possible squeezing.

We analyze the generation of entangled photons in the ring resonator which χ(3) nonlinearity in Heisenberg
picture. The simplified Hamiltonian of the problem without losses is the following.

Ĥ = �ωâ†â − 1

2
�gâ†â†ââ + �ω+b̂†

+b̂+ + �ω−b̂†
−b̂− − 2�gâ†(b̂†

+b̂+ + b̂†
−b̂−)â − �g(b̂†

−b̂†
+ââ + â†â†b̂−b̂+). (1)

Here â, â† stand for the photon operators in the pump mode, while b̂±, b̂†
± - in the correlated modes.

Because of the complexity of the system the degree of entanglement depends on many parameters such as
a such as a versatile analysis is needed. It was found that the most important parameters are losses due to
the connection with the external wave-guide, the amplitude of the pump field inside the resonator and the
frequency detuning of the pump wave from the mode of the resonator. It was demonstrated that the degree of
correlations and the purity of non-classical light increases with the loading of the resonator. Also the mapping
of the squeezing degree versus many parameters is carried out and the optimal regimes are determined.

As a significant extension of our approach, the influence of quantum properties of the pump on the quality
of the entanglement of generated photons is discussed.
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Abstract

Is it possible to possible to implement practical quantum machine learning? Here we answer this ques-
tion by implementing first all-optical setup that implements a kernel-based supervised quantum machine
learning for three standard two-dimensional classification problems. In contrast to distance-based quantum
machine learning, we need only to perform projective measurements on specially designed quantum states
that efficiently encode the training data set. Our experiment is a two-photon implementation of a recent
proposal of Schuld and Killoran [Phys. Rev. Lett. 122 040504 (2019)], where instead of continuous variables
we implement variable spread kernels by varying the number of photons used in feature mapping circuit.

Many contemporary computational problems like drug design, traffic control, logistics, automatic driving, stock
market analysis, automatic medical examination, material engineering etc. often require optimization over
huge amounts of data. These very demanding problems are being solved approximately by suitable machine
learning algorithms simulating a learning process in a tractable way. However, in some cases the calculations
can last prohibitively long. These computations could be potentially performed more efficiently (sometimes
exponentially faster) by applying quantum resources in machine learning algorithms (i.e., QML). This speedup
can be partially attributed to collective processing of quantum information which is possible thanks to quantum
entanglement. There are various approaches to QML that could be characterized as linear algebra solvers,
sampling, quantum optimization or using quantum circuits as trainable models for inference (see, e.g., Refs.
[1, 2, 3, 4]. Most of the focus both in classical machine learning and in QML is put on deep learning and
neural networks. However, recently a very promising kernel-based approach to supervised quantum machine
learning especially on the platform of linear optics has been proposed by [4]. It is especially interesting as it does
not rely on quantum memory, but rather on combining classical and quantum computations. We theoretically
demonstrate that kernel-based QML (KQML) using specialized multiphoton quantum optical circuits and our
kernel that exhibits exponentially better scaling of the required number of qubits than a direct generalization
of kernels described in the literature. We implement this kernel in a proof of principle experiment.
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Abstract

We report on a fundamental difference between detectability of discrete modulation schemes over thermal-
noise bosonic channels by quantum vs. classical adversaries: while discrete modulation is as effective in hiding
data as the optimal Gaussian modulation against classical adversaries, it is strictly less effective against a
quantum-enabled adversary. This impacts the design of quantum-secure covert communication systems as
well as demonstrates yet another fundamental advantage of quantum detection techniques.

Covert, or low probability of detection/intercept (LPD/LPI), communication prevents transmission’s detection
by an adversary. This is a stricter security requirement than protection of transmission’s content from unau-
thorized access provided by standard methods, e.g., quantum key distribution. Square root law (SRL) governs
covert communication over additive white Gaussian noise (AWGN) [1] and bosonic [2] channels: no more than
∝ √

n covert bits can be transmitted reliably to the intended receiver in n uses of the channel; attempting to
transmit more results in either detection by the adversary with high probability, or unreliable transmission. For
optical channels, n is the number of available spatio-temporal-polarization modes. Even though the capacity of
covert channel is zero, as n increases, SRL allows transmission of a significant number of covert bits even when
the adversary is quantum-capable, provided he does not control some noise on his channel to transmitter [2].

SRL is the consequence of covertness requiring the mean transmitted photon number per mode to scale
as n̄S = c/

√
n, with the SRL constant c characterizing the amount of transmissible covert data. Here we

report on the impact of restriction to discrete modulation on c in communication over the thermal-noise lossy
bosonic channel of transmissivity η, with n̄T mean photons injected per mode by a thermal environment. We
compare the covertness of two modulation formats: 1) coherent state modulation using isotropic Gaussian

prior, MG = {{|α�}, p(α) = e−|α|2/n̄S

πn̄S
} and 2) binary coherent state modulation using equal prior MB =

{{|β� , |−β∗�}, p(β) = p(−β∗) = 1
2} with |β|2 = n̄S.

When the adversary uses a homodyne receiver, he experiences an AWGN channel with noise power σ2
T =

2ηn̄T+1
4(1−η) . Then, maximum cAWGN = 2σ2

T [1, 3, 4]. While the optimality is proven using MG [3, 4], we can

also attain cAWGN using MB [1, Theorem 1.2]. Thus, it is as difficult to detect MB as it is MG, resulting in
identical covert communication performance. Similar result holds for an adversary using a heterodyne receiver.

Surprisingly, MB fares worse than MG when adversary is given an arbitrary receiver. We show that the
maximum is cbos =

�
2ηn̄T(1 + ηn̄T), achieved by MG. However, maximum SRL constant achievable by MB is

cBPSK ≤
�

1
2ηn̄T(1+ηn̄T) + 1

1+2ηn̄T
log

�
1 + 1

ηn̄T

��− 1
2

. We note that we do not contradict that the Holevo capacity

is achieved by MB at low signal-to-noise ratios [5], and, in fact, our calculations confirm this. Rather, we claim
that a quantum receiver may make MB easier to detect than MG, requiring smaller n̄S and degradation in
performance for MB. In addition to obvious implications for quantum-secure covert communication system
design, this is yet another example of a classical-quantum gap in optical receiver performance.
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Abstract

The resolution of two incoherent point sources is—from a quantum estimation point of view—a well
studied physical problem. For realistic purposes such as microscopy more complex descriptions involving
multiple sources will be necessitated. We find that there is a limit to the parameters which can be estimated
when resolving multiple point sources in a 1D configuration through the multi-parameter quantum Cramér-
Rao bound.

Rayleigh’s criterion sets a limit to the ability of an imaging system to resolve two point sources. However,
this limit is not fundamental, but it arises from the fact that our imaging techniques depend on photon counting.
Recent works have shown that this criterion can be beaten with the use of quantum measurements [1]. The
fundamental limit can be evaluated through calculation of the quantum Cramér-Rao bound. For the separation
of two sources this bound is found to be finite for small separations.

However, many applications of interest involve a large number of different sources, in which case calculations
of the precision an imaging system can achieve are far more demanding. For this reason, analytical results have
been calculated only for the order of magnitude behaviour of the QFI, which show that not all the parameters
can be estimated [2, 3].

We consider the problem of estimating the N positions of N incoherent and weak sources aligned in a line.
Firstly, we calculate analytically the precision for an approximate state in limit that the separation between
the sources vanishes. We find that the rank of the QFI matrix is two, which means that only two parameters
can be estimated. Secondly, we make a numerical calculation and obtain the QFI for the complete state. We
find that, even in the case where the whole state is considered, the rank of the QFI matrix is still two in the
sub-diffraction limit. This behaviour is explained by the fact that the rank of the quantum state also decreases
as the separation of the sources becomes smaller. This behaviour is illustrated in Figure 1 which shows the
eigenvalues of the state and the QFI, when only three sources are considered, as the separation of the sources
increases.
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Figure 1: The eigenvalues of the density matrix (a) and the QFI matrix (b) in the case of 3 sources. (Normalised
separation in the x axis).
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Abstract

We analyze the performance of photon-number-resolving (PNR) detectors and introduce a figure of merit
for the accuracy of such detectors. We have simulated various PNR detectors based on multiplexed single-
photon “click detectors”. We conclude that the required quantum efficiency is very high (> 90%)in order to
achieve even moderate (up to a handful) photon resolution

We have analyzed the performance of PNR-detectors, and in particular those based on multiplexing of single
photon detectors that are only capable of differentiating between zero and more than zero photons, so-called
“click detectors”. Such an 1:4 array is schematically shown in Fig. 1, (a). The motivation for focusing of such
detectors is that superconducting nano-wire detectors typically operate in click-detector mode, they have high
quantum efficiency, low dark count rate, and they do not need cryogenic cooling below 4 K.

Any PNR detector will have a highest photon number n for which it will be able to resolve the detected
photon number. Using a quality measure Q that is the lowest probability of correctly predicting the incident
photon number for all photon numbers less or equal to n, we have analyzed various arrays for different click-
detector quantum efficiencies and dark count rates. An example is plotted in Fig. 1, (b).
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Figure 1: (a) A schematic illustration of a multiplexed PNR-detecon single photon click-detectors. (b) Simu-
lation result of the PNR quality for an 8-array of click-detectors with negligible dark count rates. Reaching a
quality larger than 0.5 for many photons requires a very high quantum efficiency.

As is clear from the figure, which is drawn for an eight element array, a click-detector quantum efficiency of
about 0.75 is needed to resolve even two photons with ≥ 50% probability (Q ≥ 0.5). Due to the finite size of
the array, the maximum number of photons one will be able to resolve with ≥ 50% probability is three, even
with unit click-detector quantum efficiency. This limit is imposed by the finite chance that two or more photons
impinge on the same click-detector after the (random) 1:8 splitting assumed in the figure. For comparison,
an ideal, unit quantum efficiency 32-array will be able to resolve seven photons. Reducing the click-detector
quantum efficiency to 0.9 reduces the PNR-capability of the 32-array to four with ≥ 50% probability.

Restricting the input set of photon number distributions, e.g., the set of Poissonian distributions will improve
the situation somewhat as this restriction already gives some a priori knowledge.

[1] M. Jönsson and G. Björk, Evaluating Performance of Photon-Number-Resolving Detectors, e-print arXiv
1812.05422.
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The state-of-the-art of the Innsbruck trapped-ion quantum computer is reviewed. First, we 

present an overview on the available quantum toolbox and discuss the scalability of the approach. 

Fidelities of quantum gate operations are evaluated and optimized by means of cycle-

benchmarking [1] and we show the generation of a 16-qubit GHZ state. Entangled states of a fully 

controlled 20-ion string are investigated [2] and used for quantum simulations. 

 

In the second part, we present both the digital quantum simulation and a hybrid quantum- 

classical simulation of the Lattice Schwinger model, a gauge theory of 1D quantum 

electrodynamics. Employing universal quantum computations, we investigate the dynamics of the 

pair-creation [3] and using a hybrid-classical ansatz, we determine steady-state properties of the 

Hamiltonian. Hybrid classical-quantum algorithms aim at solving optimization problems 

variationally, using a feedback loop between a classical computer and a quantum co-processor, 

while benefitting from quantum resources [4].  

 

[1] A. Erhard et al., arXiv:1902.08543 (2019) 

[2] N. Friis et al., Phys Rev X. 8 021012 (2018) 

[3] E. A. Martinez et al., Nature 534, 516 (2016) 

[4] C. Kokail et al., arXiv:1810.03421 (2018) 
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Imaging with non-classical photons allows one to bypass the Rayleigh resolution limit and classical shot-noise 
level [1, 2]. Such schemes will operate with large photon number, produced by sources, where the entangled and 
classical states have the same wavelength. In this case, the discrimination of the classical and quantum states by 
wavelength selection with optical filters is not possible. It has been already demonstrated, that the diffraction of 
bi-photons at reflection or transmission gratings manifests a pattern equivalent to that of classical photons with 
half of their wavelength [3, 4]. These demonstrations point to the use of quantum diffraction in discriminating 
quantum and classical states, having the same (or close) wavelength.  The motivation in this work is to validate 
the approach of quantum-classical photons discrimination.  

The source of bi-photons at 810nm is the SPDC in a PPKTP crystal, pumped by diode laser operating at 405nm. 
A VCSEL at 795nm with beam propagating in the same direction as the SPDC and the residual of the pump beams, 
is added as a reference source of classical photons with wavelength close to 810nm.  The combined beam, i.e., the 
SPDC and VCSEL, and residual pump, is directed to and diffracted by an échelle grating at high orders (31.6 
gr/mm). The signal detection, the evaluation of the Glauber correlation function G(2) and the visualization of the 
G(2) patterns are carried on a novelty SPAD array, developed purposely for imaging with entangled photons [5].  

In this setup, all diffraction orders of bi-photons at 810nm coincide with all diffraction orders of the classical 
pump beam at 405nm, while the orders of the classical 810nm photons (also VCSEL wavelength 795nm) coincide 
only with the even orders of classical photons at 405nm. Placing a slit at an odd 405nm order and a combination 
of filters transmitting 810nm and blocking 405nm, we may select a flux of predominantly bi-photons at 810nm as 
this diffraction angle is prohibited for classical photons at 810nm.  Figure 1 illustrates this effect. Panel (a) presents 
the spatial correlation pattern of classical 795nm VCSEL beam. The diagonal feature is caused by cross-talk and 
accidental coincidences produce horizontal and vertical lines [5]. Panel (b) presents the features in (a) with added 
anti-diagonal (bi-photon) pattern from SPDC bi-photons. For panel (c), additionally to the configuration in panel 
(b), a slit is placed after the grating to select only one order of SPDC.  Note the clear bi-photon correlation pattern 
as anti-diagonal and the complete blocking of classical light at the same wavelength. 

 
Fig. 1 Glauber	correlations	function		G2(Pixelx1y1,Pixelx2y2);	(a)	Laser	795nm	only;	(b)	SPDC	and	laser	795nm;	(c)	SPDC	
only.	On	each	panel	both	X	and	Y	axis	present	the	pixel	number	of	the	SPAD	array;	the	color	scale	show	the	number	
of	coincidence	event	with	accidental	background	and	pixel	crosstalk	removed.		

References 
1 Y. Kawabe, H. Fudjiwara, R. Okamoto, K. Sasaki and S. Takeuchi, “Quantum interference fringes beating the diffraction limit, Opt. 
Express, 15, 14244-14250 (2007). 
2 T. Ono, R. Okamoto, and S. Takeuchi, “An entanglement-enhanced microscope”, Nat. Comm., 4, 2426 (2013). 
3 M. Ostermeyer, D. Puhlmann and D. Korn, “Quantum diffraction of biphotons at a blased grating“, J. Opt. Soc. Am. B, 26, 23472356, 
(2009). 
4 R. Shimizu, K. Edamatsu and T. Itoh, “Quantum diffraction and interference of spatially correlated photon pairs generated by 
spontaneous parametric down-conversion”, Phys. Review, A67, 041805-1/4, (2003), 
[5] L. Gasparini, B. Bessire, M. Unternährer, A. Stefanov, D. Boiko, M. Perrenzoni and D. Stoppa, “Novel CMOS sensor for improved 
quantum imaging“, 11 April 2017, SPIE Newsroom. DOI: 10.1117/2.1201701.006847, (2017). 
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Abstract

We report on a theoretical study exploring the possibility to diffract atomic matter-waves through crys-
talline materials. Using molecular dynamics (MD) simulations based on time-dependent density functional
theory (TDDFT), we find a high chance for atomic hydrogen at 120’000 m/s to be coherently transmitted
through a single layer of graphene. The natural lattice period of the membrane amounts to only 246 pm,
resulting in wide diffraction angles in the 10 mrad regime. We discuss how this can be used for novel
applications in force sensing and studies of ultra-thin membranes.

Interference of electrons and neutrons plays a critical role in the analysis, characterization, and visualization
of materials in condensed-matter research. This is complemented by atomic and molecular interference, which
allows to study surfaces and their interaction with the matter-waves in great detail [1, 2]. Transmission of
massive matter-waves through crystalline materials, however, has not yet been demonstrated.

Here we discuss the coherent diffraction of fast atomic hydrogen through crystalline single-layer graphene
based on TDDFT/MD simulations [3]. In order to overcome the transmission barrier of graphene [4], we consider
atomic hydrogen with a velocity of up to 120’000 m/s. While the atoms couple only weakly to the phonons
in the membrane during transit, we predict significant energy-loss to the electronic system. However, these
couplings are not strong enough to localize the atom to a single hexagon in the membrane and are thus found
to be compatible with coherent transmission. This suggests that atoms can be diffracted through the natural
lattice spacing of 246 pm, leading to diffraction angles in the 10 mrad regime.

The proposed setting is an important limiting case for quantum physics in several aspects. On the one hand,
we predict coherent diffraction although the matter-wave loses a considerable amount of energy to the grating
structure. On the other hand, the large momentum transfer allows for atomic coherence functions which are
predicted to stretch over meters on reasonable length scales. This can give rise to novel applications in force
sensing, tests of the foundations of quantum mechanics, and studies of ultra-thin membranes. Our approach
might be particular important for studying effects which scale with velocity [5].

[1] A. D. Cronin, J. Schmiedmayer, and D. E. Pritchard, Optics and interferometry with atoms and molecules,
Rev. Mod. Phys. 81, 1051 (2009).

[2] C. Brand, S. Eibenberger, U. Sezer, and M. Arndt, Matter-wave physics with nanoparticles and biomolecules
in Les Houches Summer School, Session CVII - Current Trends in Atomic Physics (Oxford University
Press)

[3] C. Brand, M. Debiossac, T. Susi, F. Aguillon, J. Kotakoski, P. Roncin, and M. Arndt, Coherent diffraction
through the 246 pm lattice of graphene, New J. Phys. doi:10.1088/1367-2630/ab05ed (2019).

[4] J. S. Bunch, J. Scott, S. S. Verbridge, J. S. Alden, A. M. van der Zande, J. M. Parpia, H. G. Craighead,
and P. L. McEuen, Impermeable Atomic Membranes from Graphene Sheets, Nano Lett. 8, 2458 (2008).

[5] A. Roura, D. R. Brill, B. L. Hu, C. W. Misner, and W. D. Phillips, Gravitational wave detectors based on
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084018 (2006).
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Abstract

Collapse models propose a non-deterministic mechanism which suppress quantum effects in macroscopic
objects while having negligible impact on microscopic systems. We explore the attainable precision for such
localisation rates when a free particle is allowed to evolve, with particular focus around the parameters of the
proposed MAQRO mission. This allows us to identify potential improvements from mechanical squeezing,
10 dB of which could compensate for an order of magnitude reduction in free-fall time.

Intrinsic decoherence effects have been predicted through collapse models which could explain the natural
absence of quantum effects in macroscopic systems [1] and theories of quantum gravity [2]. Localisation of a test
particle due to collapse models causes additional spreading of the particle’s wavefunction. This effect appears as
dephasing in the position basis—momentum diffusion—of a continuous variable quantum system. We evaluate
the effectiveness of estimating such diffusion in quantum-mechanical systems with a free-particle Hamiltonian
following an evolution

∂ρ

∂t
= − i

�
[
p̂2

2m
, ρ] − Λ[x̂, [x̂, ρ]]. (1)

Our analytical results [3] can for example be applied to the proposed MAQRO mission [4] for which the
precision is plotted in the figure below. In the context of the MAQRO mission we see the potential to improve
by several orders of magnitude over measuring the particle’s position. Squeezing can also reduce the required
free-fall time, with 10 dB compensating for an order of magnitude reduction in free-fall time.
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[1] A. Bassi, G. Ghirardi, Dynamical reduction models, Physics Reports 379, 257–426 (2003).

[2] A. Bassi, A. Groardt, H. Ulbricht, Gravitational decoherence, Classical and Quantum Gravity 34 193002
(2017).
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Abstract

This work presents and experimentally demonstrates a new protocol for characterising entanglement in
engineered quantum systems. Measuring the entropy of different partitions of a quantum system provides
a way to probe its entanglement structure. This protocol measures the second-order Rényi entropy of the
system, using statistical correlations between randomised measurements [1]. The experiments, performed
on a trapped-ion quantum simulator, reveal the dynamical evolution of entanglement entropy of 10-qubit
partitions of up to 20-ion strings - both in the absence and presence of disorder. The protocol represents a
novel, universal tool for probing and characterising engineered quantum systems in the laboratory.

Entanglement is a key property to measure in engineered quantum many-body systems; for example, in
order for quantum simulators and computers to provide an advantage over their classical analogues, they must
generate large amounts of entanglement between their parts [2]. However, the development of new tools to
probe entanglement in the laboratory is proving to be an outstanding challenge. Previous protocols to probe the
entanglement structure of these systems, such as quantum state tomography or efficient tomographic methods
(e.g. [3]), either scale unfavourably with the number of qubits, or place limitations on the quantum states which
can be probed. An alternative way to probe the entanglement structure of these systems is through measuring
the entropy of their partitions; in particular the second-order Rényi entropy, S(2). If the entropy of a part
A of the system is greater than the entropy of the total system ρ, i.e. if S(2)(ρA) > S(2)(ρ), then bipartite
entanglement exists between A and the rest of the system [4]. Consequently, measurements of the entropy of
the system provide information about its entanglement structure.

Previous work utilised collective measurements on identical copies of a quantum system, ρ, to obtain S(2),
e.g. [5]. The protocol implemented here uses statistical correlations between randomised measurements to
measure S(2) [1]. It not only scales more favourably than quantum state tomography, but imposes no a-priori
assumption on the structure of the quantum state, and requires only a single copy of ρ. It can be implemented
on any quantum platform with single-particle readout and control, applicable to systems with tens of qubits [6].
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Figure 1: Measured growth of S(2) for
a ten-ion system time-evolved under
HXY. Dotted curves are entropies de-
rived from a numerical simulation [6].

The experiments were performed on a trapped-ion quantum simulator,
using 40Ca+ ions confined in a linear Paul trap. Spin-spin Ising-type in-
teractions evolve the ions under a long-range XY model, HXY [6]. First, a
ten-ion product state was time-evolved under HXY for τ = 0, ..., 5 ms and
subsequent randomised measurements were performed to characterise the
entanglement of the state. The results (see Fig. 1) show a rapid growth of
entanglement in the system, with numerical simulations for the experimen-
tal parameters in good agreement with the data. Similar experiments were
subsequently performed for 10-ion partitions of a 20-ion chain, with rapid
increases in the entropy during a time evolution of 10 ms observed. In a final
experiment, signifying a first application of the protocol to study dynamical
properties of quantum many-body systems in connection with the concept of
quantum thermalisation [7], a ten-ion product state was again time-evolved
under HXY, however in the presence of additional local, random disorder.
The results demonstrated the strong diminishing effect of this disorder on
the entropy growth rate at early times and the emergence of localisation.

This work demonstrates a new tool for measuring second-order Rényi entropies, providing a powerful method
for both characterising engineered quantum systems and using them to tackle open questions in physics. The
experiments, performed on ten-ion partitions of up to 20-ion strings, prove the overall coherent character of the
system dynamics, revealing the growth of entanglement between its parts.

[1] A. Elben, et. al., arXiv:1812.02624 (2018)
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[5] A. M. Kaufman, et. al., Science 353, 794 (2016).

[6] T. Brydges, A. Elben, et. al., arXiv:1806.05747 (2018).
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Abstract

Due to the unbounded dimension of the associated Hilbert space, orbital angular momentum (OAM)
states of light promise to enhance the transmission of quantum information in free space. However, given
the sensitivity of the OAM states’ wave fronts against turbulence-induced fluctuations of the refractive
index, such states’ information content appears to be fragile. We analyse the trade-off between enhanced
dimensionality and that very fragility, and discuss possible strategies to mitigate the turbulence-induced loss
of quantum information content.

The transmission of orbital angular momentum (OAM) states of light [1] across a turbulent atmosphere defines
an intriguing problem, both under a theoretical perspective as well as with respect to potential applications.
On the theory side, the turbulence-induced scrambling of the phase front structure over a broad range of
length-scales, together with the associated transverse spreading of the pulse, induces a progressive loss of purity
and signal upon transmission, as a consequence of the concomitant disorder average and final state projection
[2, 3]. On the application side, this immediately raises the question on the theoretical limits for the efficient
transmission of quantum information as e.g. inscribed in bi-photon states entangled in their OAM degree of
freedom [4, 5]. How do turbulence strength, transmission distance, and the effective dimension and structural
properties of the injected state affect the transmission fidelity, and in particular the entanglement properties of
the transmitted state? Which are the prospects offered by adaptive optics tools to reduce the loss of purity and
entanglement under turbulence? The talk will present some recent results to elucidate these questions.

[1] L. Allen, M. W. Beijersbergen, R. J. C. Spreeuw, and J. P. Woerdman, Orbital angular momentum of light
and the transformation of Laguerre-Gaussian laser modes, Phys. Rev. A 45, 8185 (1992)

[2] N. Leonhard, V. N. Shatokhin, and A. Buchleitner Universal entanglement decay of photonic-orbital-
angular-momentum qubit states in atmospheric turbulence, Phys. Rev. A 91, 012345 (2015)

[3] D. Bachmann, V. N. Shatokhin, and A. Buchleitner, Universal entanglement decay of photonic orbital
angular momentum qubit states in atmospheric turbulence: an analytical treatment, arXiv:1903.04539

[4] N. Leonhard, G. Sorelli, V. N. Shatokhin, C. Reinlein, and A. Buchleitner, Protecting the entanglement of
twisted photons by adaptive optics, Phys. Rev. A 97 012321 (2018)

[5] G. Sorelli, N. Leonhard, V. Shatokhin, C. Reinlein, and A. Buchleitner, Entanglement protection of high-
dimensional states by adaptive optics, New J. Phys. 21 023003 (2019)
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Abstract

SU(1,1) interferometry is a way to take advantage of the reduced noise or the correlations available from
two-mode squeezed states. I will review the use of the reduced noise for high-precision measurements and then
will discuss the use of the correlations in two scenarios not usually thought of in terms of SU(1,1) interferometry:
quantum illumination and characterization of the linear-optical network in randomized boson sampling.
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Abstract
We experimentally demonstrate the spatial separation of the photon and its polarization, known as the

Quantum Cheshire cat effect. A pre- and post-selected photonic quantum system is subject to a weak
measuring device to probe where the photon and its polarization property can be found. Intriguingly, a
quantum pointer after the weak quantum measurement indicates that the polarization can be found at the
path the photon did not take.

It is very natural to assume that physical properties should not be separated from objects that carry them.
However, the quantum theory allows such phenomenon to happen for pre- and post-selected system. This
counterintuitive quantum effect, so called the quantum Cheshire cat effect [1], was named after the famous
novel of Alice’s Adventure in Wonderland by Lewis Carroll. In order to observe the quantum Cheshire cat,
implementing a nondestructive weak measuring device is crucial to simultaneously probe both the physical
property and the carrier’s location. While observing the quantum Cheshire cat, the physical property and the
carrier’s location should be weakly probed with a measuring device to leave the quantum state with a negligible
disturbance. To date, experimental observations of the quantum Cheshire cat effect have been realized with a
single neutron as well as with a single photon [2, 3]. However, their observations relied on weakly disturbing
elements instead of a true weak measuring device. In this presentation, we report the experimental observation of
the quantum Cheshire cat effect with a weak measuring device. To investigate the quantum Cheshire cat effect,
we employ single-photon pairs generated by spontaneous parametric down conversion (SPDC). The elements
of quantum Cheshire cat, namely the body (photon) and the grin (polarization), are indirectly probed with a
quantum pointer using another single photon, where both the body and the grin are weakly measured without
destroying the photon itself.
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Fig. 1 (a) Experimental schematic to observe the quantum Cheshire cat. (b) The measurement interaction ÛM is
implemented via a linear optical entangling gate. The expectation �σ̂x�p of pointer qubit is measured as a function

of θg . The weak values for observables (c) Π̂l ⊗ Î and (d) Π̂l ⊗ σ̂z are extracted from the first-order dependence of
θg from the polynomial fit. H (half-wave plate), Q (quarter-wave plate), BD (beam displacer), PBS (polarizing beam
splitter), PPBS (partially polarizing beam splitter).

[1] Y. Aharonov, S. Popescu, D. Rohrlich, and P. Skrzypczyk, “Quantum Cheshire cats,” New J. Phys. 15,
113015 (2013).
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Nat. Commum. 5, 4492 (2014).

[3] J. M. Ashby, P. D. Schwarz, and M. Schlosshauer, “Observation of the quantum paradox of separation of
a single photon from one of its properties,” Phys. Rev. A 94, 012102 (2016).
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Abstract

Mid-infrared (mid-IR) light is highly relevant for both technology and basic research. Currently, de-
tection in the mid-IR is greatly compromised due to the poor temporal and spatial resolution of detection
technologies. Here, we present a quantum imaging concept that allows imaging in the mid-IR while detect-
ing in the visible. This allows sensing in the mid-IR while detecting in the visible with a standard CMOS
camera, enabling low noise, low cost and fast data acquisition.

The functionality to image samples in the mid to far infrared holds the promise of new perspective on problems of
tremendous biological and industrial relevance, opening the door to exploiting the highly specific vibrational and
rotational ’fingerprints’ of molecules as contrast mechanisms [1]. The principle limitation, however, remains one
of detection, with mid-IR imaging technology being prohibitively expensive, technically demanding and suffering
from poor sensitivity and resolution. The absence of a good detection option has lead to numerous approaches
that exploit wavelength conversion to the visible regime, where one can enjoy the comparable maturity of CCD
and CMOS technology driven by the life sciences. Here, we demonstrate how quantum non-linear interferometry
[2] can provide a powerful tool for imaging in the mid-IR, facilitating detection in the near-infrared with a
standard CMOS camera.

Our implementation concerns a non-linear interferometer (see Figure 1. a) formed between two identical
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Figure 1: a. Experimental Setup: Continuous wave pump light at 660 nm stimulates a highly non-degenerate, collinear
SPDC process in a Michelson-style interferometer. The signal and idler fields generated on first pass are split, allowing
the idler to probe a sample, before being recombined and travelling back into the non-linear crystal with the coherent
pump field. The resulting signal field is imaged on a CCD, bearing the spatial information obtained by the idler when
probing the sample. b. Results: Constructive, destructive and difference interference images of the signal mode for
cardboard cutouts probed by the idler.

spontaneous parametric down-conversion (SPDC) processes coherently pumped in series. The highly non-
degenerate signal and idler fields emerging from the first crystal are subsequently aligned into the second crystal,
erasing any welcher weg information. The strong spatial correlations shared between the signal and idler modes
ensure any distiguishing spatial information obtained by the idler is transferred to the signal. Accordingly, a
sample illuminated with the mid-IR idler is imaged via the signal with a off-the-shelf CMOS camera, absent
any requirement to image the idler. Our technique enables low noise, low cost and fast imaging in the mid-IR
- a problem of central relevance for both industry and the life sciences.

[1] M. J. Baker et al. Using Fourier transform IR spectroscopy to analyze biological materials. Nature Protocols,
9 1771–1791, 2014.

[2] G. Barreto-Lemos et al. Quantum imaging with undetected photons. Nature, 512 409–412, 2014.
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Abstract

Quantum sensing of a single parameter is not fully quantum. It is only with the simultaneous estimation
of multiple parameters at the quantum limit that we enter the realm of fully-quantum sensing. This is
due to the non-commutativity involving in measuring multiple quantities simultaneously. Estimating mul-
tiple parameters simultaneously is also central to most advanced application of quantum sensing including
imaging, spectroscopy, 3D magnetometry, accelerometry and gravimetry. I will discuss recent progress in
multiparameter quantum sensing, focussing on imaging and 3D magnetometry.

Combating noise through improved sensor engineering is crucial to the long-term prospects of quantum
sensing. I will introduce the notion of fault-tolerant quantum sensing and present our results on how better
devices can enable combating larger noise in the signals being sensed.
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Abstract

We report on the generation of single photon states optimal for time-multiplexed discrete-time quantum
walk setup that employs a fiber network loop. This requires a photon source offering spatially and spectrally
single mode state with high fiber-coupling efficiency, spectral purity, and brightness. We design a source
based on type-II spontaneous parametric down-conversion (SPDC) in a periodically polled potassium titanyl
phosphate (KTP) waveguide, pumped with picosecond pulses. We check the compatibility of the source for
the desired quantum walk experiment by measuring overall detection efficiency after propagation trough the
setup as well as Hong-Ou-Mandel visibility.

Quantum walks constitute a powerful model system for implementation of various physical phenomena
ranging from simulating coherent energy transportation in biological systems to quantum computing. Among
the existing experimental platforms, time-multiplexed coined quantum walk comes with distinct advantage of
requiring limited resources as well as providing high control over coin and position states [1]. Time-multiplexing
along with coherent input light has enabled demonstration of a host of quantum phenomena e.g. measurement
induced effects [2], topological phases [3] and percolation [4]. The success of the aforementioned experiments is
linked to the the well-established equivalence between the propagation of coherent light across a linear optical
network and the dynamics of a single quantum particle. However, exploiting full quantum advantage of a
quantum-walk system requires introduction of multiple indistinguishable particles, and thus one must consider
incorporating single-photon sources. To this aim we design and implement a single-photon source suitable for our
well-established time-multiplexed quantum walk setup. The source is based on type-II SPDC in a periodically
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Figure 1: Schematic of the time-multiplexed quantum walk setup.

polled potassium titanyl phosphate (KTP) waveguide (AdvR Inc) that is pumped with narrowband (0.4 nm)
pump laser. A proper choice of waveguide length (25 mm) ensures matching of the pump and the phasematching
bandwidth and thus generates high spectral purity photons at telecom wavelength. Moreover, photons with
narrow bandwidth (1.5 nm) minimizes the effect of dispersion in the fiber network. We finally check the
compatibility to incorporate the source in the quantum walk setup for which we measure an overall efficiency
after propagation through the setup along with the Hong-Ou-Mandel visibility.

[1] A. Schreiber et al., Photons Walking the Line: A Quantum Walk with Adjustable Coin Operations, Phys.
Rev. Lett. 104, 050502 (2010).

[2] T. Nitsche et al., Probing measurement-induced effects in quantum walks via recurrence, Sci. Adv. 4,
eaar6444 (2018).

[3] S. Barkhofen et al., Measuring topological invariants in disordered discrete-time quantum walks, Phys. Rev.
A 96, 033846 (2017).

[4] F. Elster et al., Quantum walk coherences on a dynamical percolation graph, Sci. Rep. 5, 13495 (2015).
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Wojciech Górecki1, Sisi Zhou2, Liang Jiang 2, and Rafa�l Demkowicz-Dobrzański 1
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Abstract

We derive a necessary and sufficient condition for the possibility of preserving the Heisenberg scaling in
general adaptive multi-parameter estimation schemes in presence of Markovian noise. In situations where
the Heisenberg scaling can be preserved, we provide an efficient numerical algorithm to identify the optimal
quantum error correcting (QEC) protocol that yields the best estimation precision. We provide examples of
significant advantages offered by joint-parameter QEC protocols that sense all the parameters utilizing a single
error-protected subspace over separate-parameter QEC protocols where each parameter is effectively sensed in
a separate subspace.

U1

Figure 1: General adaptive mutli-parameter quantum
metrological scheme, where P parameters ω = [ωi]

P
i=1

are to be estimated. Total probe system evolution time
T is divided into a number m of t-long steps of probe
evolution Eω

t interleaved with general unitary controls
Ui. In the end a general collective measurement {M�}
is performed yielding estimated value of all parameters
ω̃(�) with probability p(�) = Tr(ρωT M�).

Formulation of the model. We assume the dynam-
ics of a d-dimensional probe system is given by a gen-
eral quantum master equation:

dρ

dt
= −i[H, ρ] +

r�

k=1

(LkρL
†
k − 1

2
{L†

kLk, ρ}), (1)

where the parameters to be estimated ω=[ω1, . . . ,ωP ]
enter linearly into the Hamiltonian of the evolution
via Hermitian generators G = [G1, . . . , GP ]T (where
T denotes transpose) so that H = ωG ≡ �P

k=1 ωkGk,
and Lk are operators representing a general Marko-
vian noise. Eω

t represents the probe system dynamics
integrated over time t, whereas the total probe inter-
rogation time is T .

In multi-parameter case the estimator covariance
matrix is the key object capturing estimation preci-
sion, defined as:

Σij =
�

� Tr(ρωM�)(ω̃i(�) − ωi)(ω̃j(�) − ωj), (2)

for i, j = 1, . . . , P , where the estimator ω̃(�) is a func-
tion mapping the measurement result � to the param-
eter space, and measurement operator M� ≥ 0 and�

� M� = I. As a figure of merit we take Tr(WΣ),
where W is a real positive cost matrix that determines

the weight we associate with each parameter in the ef-
fective scalar cost function Δ2

W ω̃ ≡ Tr(WΣ).

Theorem 1 Heisenberg scaling for simultaneous es-
timation of all the parameters can be achieved in
a multi-parameter estimation problem if and only if
{(Gi)⊥, i = 1, . . . , P} are linearly independent opera-
tors. Here (Gi)⊥ are orthogonal projections of Gi onto
space S⊥ which is the orthogonal complement of the
Lindblad span

S = spanR{I, LH
k , iLAH

k , (L†
kLj)

H, i(L†
kLj)

AH, ∀j, k},
(3)

in the Hilbert space of Hermitian matrices under the
standard Hilbert-Schmidt scalar product, whereas H ,
AH denote the Hermitian and anti-Hermitian part of
an operator respectively.

Theorem 2 Given a cost matrix W , the minimum
cost Δ2

W ω̃ that can be achieved in a join quantum error
correcting protocol reads

minΔ2
W ω̃ =

1

T 2
min

|χi�,GC
i ,Bi,νi

Tr(WV ),

Vij = �χi|χj |, � 2Im
�
�χi| GC

j |0�
�

= δij , C ≥ 0,

C =
I
d
+

P�

i=1

(GC
i )T⊗Gi⊥+

P ��

i=P+1

νiI⊗Si+
d2−1�

i=P �+1

Bi⊗Ri,

(4)

where I/
√

d, {Gi}P
i=1, {Si}P �

i=P+1, {Ri}d2−1
i=P � form an

orthonormal basis of Hermitian operators in L(HS)

such that S = spanR{I, (Si)
P �

P+1=1}. Moreover, GC
i , Bi

are Hermitian matrices in L(C) where C is an abstract
P + 1 dimensional code space C = span{|0� , . . . , |P �}
and |χi� =

�P
j=1 α

j
i |j� ,αj

i ∈ R. The solution of C can
be used to define the optimal QEC code.
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Dobrzanski, Quantum error correction in multi-
parameter quantum metrology, arxiv:1901.0089
(2019).
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Abstract
We devise two loop-based all-optical schemes for generating entangled tensor network states of light.

The first scheme is based on embedding a parametric downconversion nonlinearity into an optical loop and
enables the robust generation of W and GHZ states, and the use of these states in quantum simulation.
The second scheme generates one-dimensional tensor network states including GHZ and cluster states via
post-selection using only linear optics, thereby promising unmatched rates and fidelities of generated states.

Tensor network (TN) states efficiently capture the entanglement structure of a wide class of important
physical states, such as the ground and thermal states of local Hamiltonians and states that are important in
quantum computation, communication and metrology [1, 2]. In the TN states parameterisation, the description
of a state requires only a polynomial number of parameters in the number of subsystems. The generation of
one-dimensional TN states in the lab could open the possibility of realising novel quantum-enhanced metrology
and quantum communication tasks. Moreover, higher dimensional TN states are a useful resource for quantum
simulation and computation as the computational effort for simulating these grows quickly in the number of
subsystems. Therefore, the experimental generation of one and higher dimensional TN states and their use for
quantum information processing is of considerable interest.

Current experimental procedures for generating and manipulating TN states focus on spatial modes of
light, but the required experimental resources in these procedures typically increase rapidly with the required
state size. Using the temporal modes of light or time bins overcomes this restriction by providing an infinite-
dimensional Hilbert space that can be controlled with constant experimental resources. Existing proposals for
temporal-mode photonic TN states rely on strongly coupling light to a single atom trapped inside a cavity [3].
While these methods allow the generation of arbitrary 1D TN states whose entanglement is limited only by the
number of accessible atomic states, the experimental implementation of these schemes requires two challenging
conditions to be met: firstly, the cooling and localising of the atom, and secondly the strong coupling between
the atom and the light emitted from the cavity. Here we overcome these challenges in the form of two all-optical
schemes for generating TN states of light in one and higher dimensions.

The first scheme [4] exploits the well established optical process of parametric down conversion in order to
build entanglement in the generated states, which include W and GHZ states. We demonstrate that implemen-
tations of this scheme with current optical devices are capable of determining the ground state properties of
the spin-1/2 Heisenberg model and these implementations are demonstrated to be robust against realistic losses
and mode mismatch.

We also present a new scheme that uses only linear optics and post-selection to generate GHZ and cluster
states in the temporal modes of light. As the optical setup only requires linear optical components, which
allow for low-loss operation, this scheme can be used for the generation of long strings of entangled states at
unmatched rates and fidelities.

[1] J. Eisert, M. Cramer, and M. B. Plenio. Colloquium: Area laws for the entanglement entropy , Rev. Mod.
Phys. 82 ( 2010), 277–306.

[2] R. Orús. A practical introduction to tensor networks: Matrix product states and projected entangled pair
states , Ann. Phys. 349 (2014), 117–158.

[3] C. Schön, E. Solano, F. Verstraete, J. I. Cirac, and M. M. Wolf. Sequential generation of entangled multiqubit
states , Phys. Rev. Lett. 95.11 (2005), 110503.

[4] I. Dhand, M. Engelkemeier, L. Sansoni, S. Barkhofen, C. Silberhorn, and M. B. Plenio. Proposal for
Quantum Simulation via All-Optically-Generated Tensor Network States , Phys. Rev. Lett. 120 ( 2018),
130501.
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Abstract

In this presentation we will show our recent results about the direct generation of entanglement in time
between a photon and a collective spin excitation in a rare earth ion doped ensemble. The entanglement is
analyzed by mapping the atomic excitation onto a photonic qubit and by using time-bin qubits analyzers
implemented with another doped crystal using the atomic frequency comb technique. The quality of the
entanglement is high enough to enable a violation of a Bell inequality by more than two standard deviations.
Our results provide a solid-state source of entangled photons with embedded quantum memory.

Light-matter entanglement is an important resource in quantum information science. It enables comple-
menting the advantages of using photons as flying qubits in quantum communication schemes, with those of
matter qubits, which are ideal for quantum storage and processing. A very convenient method to directly
generate light-matter entanglement in atomic ensembles is the Duan-Lukin-Cirac-Zoller (DLCZ) protocol [1].

While several experiments have studied the DLCZ scheme in atomic gases [2], the use of atomic ensembles
embedded in solid matrices, such as rare earth ion doped (REID) crystals, offers numerous advantages as the
coherence times are comparable to those of cold atomic clouds but the natural trapping greatly simplifies the
experimental setups. Moreover, the inhomogeneous broadening of the atomic transitions can be used as a
resource for quantum information multiplexing. Only recently, the DLCZ scheme has been demonstrated in
REID crystals [3, 4] where quantum correlation between single photons and a spin wave have been demonstrated
by combining this scheme with the Atomic Frequency Comb technique (AFC).

In the present work, we use the AFC-DLCZ protocol to create entanglement between a single photon (the so-
called Stokes photon) and a single collective spin excitation in a rare earth doped crystal, in the photon counting
regime. We take advantage of the temporal multimodality of the AFC protocol to demonstrate entanglement in
time. This is done by transferring the matter qubit onto a second photon (anti-Stokes photon), and by analyzing
the two photons in a Franson like interferometer implemented with another REID crystal. The entanglement is
demonstrated by observing high-visibility two-photon correlation in different bases by violating the CHSH Bell
inequality with S = 2.16 ± 0.07.

[1] L.-M. Duan, M. D. Lukin, J. I. Cirac, and P. Zoller,Long-distance quantum communication with atomic
ensembles and linear optics, Nature 414, 413 (2001).

[2] N. Sangouard, C. Simon, H. de Riedmatten, and N. Gisin,Quantum repeaters based on atomic ensembles
and linear optics, Rev. Mod. Phys. 83, 33 (2011).

[3] K. Kutluer, M. Mazzera, and H. de Riedmatten, Solid-State Source of Nonclassical Photon Pairs with
Embedded Multimode Quantum Memory, Phys. Rev. Lett. 118, 210502 (2017).

[4] C. Laplane et al., Multimode and Long-Lived Quantum Correlations Between Photons and Spins in a
Crystal, Phys. Rev. Lett. 118, 210501 (2017).
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Abstract: 
The atmospheric turbulence, which causes local refractive index fluctuations, has 

specific effect for fluctuations of channel transmittance in free-space quantum key 
distribution. In this paper, a free space measurement-device-independent quantum key 
distribution (MDI-QKD)scheme is analyzed under strong atmospheric turbulence, where the 
gamma-gamma distribution is used to model the strong atmospheric turbulence. Compared 
with the original MDI-QKD protocols with weak atmospheric turbulence described by 
log-normal distribution, the numerical simulations show that our modified scheme has 
apparent improvements both in transmission distance and key generation rate. 
Free-space QKD based on satellite has become an attractive and feasible proposition to over the 

problem[1]. However, Atmospheric turbulence is the major loss factor, which influences QKD 
performance by causing fluctuations in channel transmittance. The log-normal distribution is widely 
applied to simulate weak turbulence, but it can not be directly used to estimate the channel transmission 
rate correctly in the case of strong turbulence. The gamma-gamma distribution can be used to mimic 
real atmospheric turbulence, since it is suitable for the entire range of turbulent conditions. 

In this paper, a free space measurement-device-independent quantum key distribution 
(MDI-QKD) scheme is analyzed under strong atmospheric turbulence, where the gamma-gamma 
distribution is used to model the strong atmospheric turbulence. And we adopt the threshold 
real-time selection method[2] to improve the performance of our modified MDI-QKD protocol. The 
simulation results emerge that the performance of our scheme is greatly improved in the key generation 
rate and robustness. 

Alice and Bob independently prepare weak coherent pulses in the rectilinear (Z) or diagonal (X) 
basis with decoy states, while the measurement process is performed by an untrusted third party. In 
asymptotic case, the secure key rate R can be derived as follows: 
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we adopt the gamma-gamma distribution which is a first choice to satisfy the significant 
requirement[4]. The probability distribution of transmission rate can be represented: 
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In conclusion, we proposed a free-space MDI-QKD scheme with the gamma distribution to model 
the strong atmospheric turbulence. Compared with the original MDI-QKD protocols with weak 
atmospheric turbulence described by log-normal distribution, the numerical simulations show that our 
modified scheme has apparent improvements both in transmission distance and key generation rate. 
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Abstract
We demonstrate a time-multiplexed all-optical scheme for the generation of higher-order Fock states.

Our scheme exploits the effects of quantum feedback in parametric down-conversion (PDC), where one of
the generated photons is sent back to the process and induces self-stimulation. This leads to an increased
generation for the subsequent photon pair, and thus facilitates the generation of higher-order Fock states
with rates beyond what could be achieved with standard PDC. We present a characterisation of the self-
stimulation using correlation measurements, and discuss further steps towards Fock state generation.

cc12

τ

DM1

DM2Ti:Sa |||||||
PDC

PBS

Figure 1: Setup for state generation: Laser pulses (red) optically pump the PDC source to generate photon
pairs. One photon (blue) is detected, whereas its cycling partner (green) stimulates the PDC process. Time
trace showing enhanced PDC generation probabilities for subsequent pump pulses. The maximum enhancement
for neighbouring pulses is 30.8%. Ti:Sa, titanium sapphire pump laser; DM1 and DM2, dichroic mirror; PBS,
polarizing beam splitter; PDC, parametric down conversion; cc12, correlation counts time bin one and two; τ ,
repetitionrate of the laser.

Fock states |n� can serve as resources for generating more complex quantum states (e.g. N00N states in
[1]). The efficient generation of higher-order Fock states with n > 1 is an outstanding problem in this context.
Typically, these states are generated from parametric down-conversion (PDC), where the detection of n photons
in one output mode heralds the presence of n photons in the other mode. This approach intrinsically suffers
from strict limitations regarding generation probabilities and thus generation rates [2]. One way to mitigate
these limitations is to utilise quantum feedback; one arm of the PDC is fed back to the process to self-stimulate
the generation of subsequent PDC states [3]. Here, we demonstrate increased PDC generation probabilities
by combining a dispersion-engineered PDC source [4] with a time-multiplexing architecture, which facilitates
a resource efficient implementation of the above scheme. A detailed sketch of our setup is shown in Figure 1.
Our PDC source is driven by pulses from an ultrafast oscillator, and it generates polarization non-degenerate
photon pairs. One of the photons, the idler, is directly detected; the other photon, the signal, is fed back
to the process and temporally overlaps with the subsequent pump pulse, thus stimulating the generation of
further photon pairs. By evaluating the PDC generation probability conditioned on the detection of a first
photon, we demonstrate an increase of up to (30.8±0.6)% compared to a situation without quantum feedback
(see graphs in Figure 1). Further, we demonstrate that this effect spreads over more than one pulse, allowing to
generate correlations between several pulses. In a next step, we will probe the feedback arm to demonstrate the
generation of higher-order Fock states conditioned upon the detection of n subsequent photons. Going beyond,
we have already shown that this setup is, in principle, capable of generating more general tensor network states,
which are an important resource for quantum information processing applications [5].

[1] K. T. McCusker, et al, Phys. Rev. Lett. 103 163602 (2009)
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Abstract

We report the observation of optomechanical strong coupling to a high frequency (11 GHz) mechanical
mode of a fused-silica whispering-gallery microresonator via the electrostrictive Brillouin interaction. The
anti-Stokes light backscattered from the resonator is measured and normal-mode splitting and an avoided
crossing are observed in the recorded spectra. The optomechanical coupling rate reaches values as high as
G/2π = 39 MHz through the use of an auxiliary pump resonance, where the coupling dominates both the
optical (κ/2π = 3 MHz) and the mechanical (γ/2π = 21 MHz) amplitude decay rates. Our findings provide
a promising new approach for optical quantum control using light and sound.

Achieving cavity-optomechanical strong coupling with high-frequency phonons provides a rich avenue for
quantum technology development including quantum state-transfer, memory, and transduction, as well as en-
abling several fundamental studies of macroscopic phononic degrees-of-freedom. Reaching such coupling with
GHz mechanical modes however has proved challenging, with a prominent hindrance being material- and surface-
induced-optical absorption in many materials. Here, we circumvent these challenges and report the observation
of optomechanical strong coupling to a high frequency (11 GHz) mechanical mode of a fused-silica whispering-
gallery microresonator via the electrostrictive Brillouin interaction [1]. Using an optical heterodyne detection
scheme, the anti-Stokes light backscattered from the resonator is measured and normal-mode splitting and an
avoided crossing are observed in the recorded spectra, providing unambiguous signatures of strong coupling.

The optomechanical coupling rate reaches values as high as G/2π = 39 MHz through the use ofan auxiliary
pump resonance, where the coupling dominates both the optical (κ/2π = 3 MHz) and the mechanical (γ/2π =
21 MHz) amplitude decay rates. Our findings provide a promising new approach for optical quantum control
using light and sound.

[1] G. Enzian, M. Szczykulska, J. Silver, L. Del Bino, S. Zhang, I. A. Walmsley, P. DelHaye, and M. R.
Vanner, Observation of Brillouin optomechanical strong coupling with an 11 GHz mechanical mode, Optica
6, 7 (2019).
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Abstract

We develop interfaces between stationary and propagating quantum bits for quantum networks, using single
trapped ions and single photons. We demonstrate high-fidelity atom-photon qubit interconversion, atom-
photon entanglement, teleportation, as well as photonic qubit conversion to the telecom range.

In the context of quantum communication technologies, we are developing a comprehensive set of experimental
tools, based on single photons and single atoms (trapped ions), that enable controlled generation, storage,
transmission, and conversion of photonic qubits in quantum networks. Such tools are required, for example, in
quantum repeater protocols for reliable intermediate storage of quantum information.

Specifically, we implemented a programmable atom-photon interface, employing controlled quantum inter-
action between a single trapped 40Ca+ ion and single photons [1, 2]. Depending on its mode of operation, the
interface serves as an atom-to-photon or photon-to-atom quantum state converter, or as a source of entangled
atom-photon states [3, 4]. We also use it for measuring atom-photon Bell states [5].

The interface lends itself particularly to integrating Ca+ ions with entangled photon pairs from a resonant,
narrowband spontaneous parametric down-conversion (SPDC) source [6, 7]. As experimental applications, we
demonstrate high-fidelity transfer of entanglement from an SPDC photon pair to atom-photon pairs, as well as
atom-to-photon quantum bit teleportation [5]. We also extend our quantum network toolbox into the telecom
regime by entanglement-conserving quantum frequency conversion [8] of photons that are generated by the
interface in entangler mode [9], see Figure 1.

Figure 1: Process matrix reconstruction of the mapping process from an atomic qubit to (a) an 854-nm photon
and (b) a 1310-nm photon, after quantum frequency conversion (QFC, center scheme).

[1] M. Schug et al., ”Quantum interference in the absorption and emission of single photons by a single ion”,
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Abstract
The conventional two-photon Hong-Ou-Mandel (HOM) interference plays an important role in order to

testify the degree of indistinguishability of photons. Recently, multiphoton quantum interference is in focus
of research since it is a crucial ingredient of boson samplings and a promising tool for a high dimensional
entanglement [1]. In this research we investigate both theoretically and experimentally the properties of the
four-photon HOM interference. Photons are created via type-II parametric down-conversion (PDC) source.
We show how the number of Schmidt modes influences the interference pattern and coherent length of the
photon, and leads to a switching between bunching and antibunching effects.

In this work we consider four photons generated in the type-II PDC process in a KTP waveguide. Dispersion
properties of KTP allow to engineer a single Schmidt mode source as well as a multimode source by changing
a pulse duration or by chirping the pump pulse. The type-II PDC source creates two photon pairs having two
different polarization which were splitted up in two arms of an interferometer by a polarization beam splitter.
By making them have the same polarization, we let them interfere on a beam splitter and finally they are
detected.

The joint spectral amplitude (JSA) which describes mathematically the PDC process is:

F (ωs,ωi) = e−
(ωs+ωi−ωp)2

2Ω2 sinc

�
L

2
Δk

�
ei L

2 ΔkeiD(ωs+ωi−ωp)2 , (1)

where Δk is the phase mismatch determined the momentum conservation of the process, L and Ω are respectively
the length of the crystal and the pump spectral bandwidth, D is a constant which determines an additional
quadratic spectral phase of the chirped pulse.

In Figure 1 the probability to detect two photons in both arms of the interferometer (P22 probability) is
presented. The theoretical simulations (red curve) and the experimental results (black dots) are coincide and
show that with increasing the number of Schmidt modes, namely enhancing drastically the pulse duration of the
pump beam, an antibunching peak appears. Furthermore, the relation between the number of Schmidt modes
and the antibunching behavior is confirmed by using of the chirped pump pulse. By fixing the spectral width
and varying the spectral quadratic phase (chirp) of the pump laser, the PDC state with the chirped pulse is
characterized by the same signal-idler spectrum as in the single-mode regime but the complitely different mode
structure.

Figure 1: Comparison between theory and experiment of the P22 probability using different pump.

In conclusion, it was shown that it is possible to control the interference pattern, coherent length of photons
and bunching properties of the four-photon HOM interference by modifying the number of Schmidt modes. The
number of modes can be modified by different ways: by varying the pulse duration of the pump or by using a
chirped pump pulse.

[1] Y.-S. Ra, M.C. Tichy, H.-T. Lim, O. Kwon, F. Mintert, A. Buchleitner, Y.-H. Kim, Nonmonotonic
quantum-to-classical transition in multiparticle interference, Proceedings of the National Academy of Sci-
ences, 110,1227-1231 (2013)
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Abstract

We propose a faithful hierarchy of genuine n-photon quantum non-Gaussian light for connections between
quantum devices and for diagnostic of multiphoton sources and processes in quantum technology. We
experimentally witnessed 3-photon quantum non-Gaussian light.

Individual photons as bosonic elementary particles have been subjects of a detailed quantum analysis already
for many decades. It is intensified now due to their importance for quantum technology. First, a single photon
antibunching was measured as incompatible with classical coherence theory. This measurement became canon-
ical for single photon sources. After many years, broadband homodyne detection allowed indirect estimation of
their continuous variable nonclassical features. Their visualization in a phase space of continuous amplitude of
electric field by a Wigner probability density function shows multiple negative concentric annuli for Fock states
of light. Wigner functions are used to distinguish different Fock states of light, however, without any proof yet
that they really form a faithful hierarchy. A faithful hierarchy of n-photon quantum non-Gaussianity would
reliably recognize that, for a given order n, an observed state is statistically incompatible with any mixture
of Fock-state superposition up to n-1 photons modified by an arbitrary Gaussian phase-space transformation.
Unfortunately, such a faithful hierarchy based on the negative parts of Wigner function has not been discovered
yet and it would be anyway applicable only if overall losses were below fifty percent. Since a large variety of
experimental platforms emitting or transmitting light does not suppress the losses so much, a lack of theoretical
tools witnessing genuine n-photon quantum non-Gaussianity limits optical diagnostic of quantum processes in
matter, current fast development of multiphoton sources and their applications in quantum technology.

A large gap between basic nonclassical light and light with negativity of Wigner function was partially
covered when a loss-tolerant direct measurement of single-photon quantum non-Gaussianity was proposed and
immediately experimentally tested. Advantageously, these criteria use only basic multi-photon correlation
measurements, commonly applied to verify nonclassicality. The quantum non-Gaussianity criteria conclusively
prove that light is not compatible with any mixture of Gaussian states, even beyond fifty percent of loss. In
difference to the tests of nonclassicality, such test of quantum non-Gaussianity can already recognize a much
narrower set of states, approaching closer to ideal single photon states. That property of single photon states
has been already proposed to be applicable as a security indicator of single-photon quantum key distribution
and as a probe of quantum photon-phonon-photon transfer.

The extension to multi-photon light allows wider applications in diagnostic of quantum processes, but our
new criteria [1] did not still form the faithful hierarchy of quantum properties and therefore, such genuine
n-photon quantum non-Gaussian state cannot be directly witnessed under large optical loss. Discovery of the
hierarchy is currently crucial for ongoing exploration of light emitted by higher order nonlinear processes and
for current development of multiphoton sources. In this talk, we present the faithful hierarchy of sufficient
conditions for genuine n-photon quantum non-Gaussian state and, simultaneously, we experimentally verified
the hierarchy by photon counting measurement of light up to three photons under 6.5 dB of optical loss [2].
Under such loss, negative Wigner function cannot be observed. Our criteria can conclusively confirm that
observed genuine n-photon quantum non-Gaussian statistics is beyond statistics produced by any mixture of
superposition of n-1 photons possibly modified by any Gaussian transformation. We further analyzed and
experimentally verified robustness of the genuine multiphoton state under background noise. All these results
qualify this faithful loss-tolerant hierarchy presented here to be both of fundamental interest and also directly
applicable in many laboratories.

[1] I. Straka, L. Lachman, J. Hloušek, M. Miková, M. Mičuda, M. Ježek, and R. Filip, Quantum non-Gaussian
multiphoton light, npj Quantum Information 4, 4 (2018).

[2] L. Lachman, I. Straka, J. Hloušek, M. Ježek, and R. Filip, Faithful hierarchy of genuine n-photon quantum
non-Gaussian light, arXiv:1810.02546v1.
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2Department of Quantum Optics and Quantum Information, Wigner Research Centre for Physics, Budapest,
Konkoly–Thege M. u. 29–33, H-1121 Budapest, Hungary

3Integrated Quantum Optics Group, Applied Physics, University of Paderborn, Warburger Straße 100, 33098
Paderborn, Germany

Abstract

Discrete time quantum walks (DTQW) constitute an experimentally attractive approach to harness quan-
tum mechanics for simulations and other computational tasks. Owing to the simple structure – local coin
rotations and nearest-neighbour shifts – optical time-multiplexing has been used successfully to implement
and demonstrate various proof-of-principle applications of single-particle DTQWs. To take full advantage of
quantum mechanics, implementation of multiple walker DTQWs are necessary. In this work we propose a
benchmarking protocol, based on the well-known Hong–Ou–Mandel effect, to assess the degree of quantum-
ness in bosonic two-particle quantum walk implementations. We apply this benchmarking on a two-photon
time-multiplexing implementation of DTQWs.

Single particle DTQWs are a versatile theoretical tool useful in simulating various transport phenomena and
in solving computational problems such as searching. While in the single walker regime it is known to offer only
a quadratic speedup over classical random-walk based algorithms, employing multiple walkers can be used to
attain a quantum advantage in solving computational or sampling problems. Optical time-multiplexing [1, 2]
offers an efficient platform for implementing quantum walks with programmable complex dynamics, compatible
with multi-walker scenarios, including boson sampling [3].

In our present work we address the problem of assessing the level of quantumness maintained by the apparatus
implementing a two-particle quantum walk. We propose a benchmarking protocol applicable to a pair of
indistinguishable bosonic walkers on a 1D line, based on the well-known Hong–Ou–Mandel effect [4]. The
protocol consists of using the apparatus to prepare two orthogonally polarised single photons in suitably shaped
states extended over multiple discrete positions and letting them interfere after a joint linear transformation,
corresponding to a situation studied earlier in the continuous context [5]. Coincidences are recorded between
detection events from the two polarisations as a function of the delay between the two photons. The resulting dip
can be interpreted as a discretised generalisation of the usual HOM dip, with its depth characterising the overall
quantumness of the entire process, and the shape depending on the initially prepared photon states. We revisit
the notion of coincidence within the discretised framework, distinguishing strict and loose coincidences. We
show how these coincidences can expose the quantum statistics of the walkers, and present explicit procedures
to benchmark the suitability of a given DTQW implementation to perform multi-walker protocols. We report
on the experimental benchmarking results on our time-multiplexing setup [2]. While the benchmarking protocol
has been formulated in the language of optics, the results are general and can be applied to any bosonic DTQW
platform.

[1] A. Schreiber, A. Gábris, P. P. Rohde, et al., A 2D Quantum Walk Simulation of Two-Particle Dynamics,
Science 336, 55 (2012).

[2] T. Nitsche, S. Barkhofen, R. Kruse, et al., Probing measurement-induced effects in quantum walks via
recurrence, Science Advances 4, eaar6444 (2018).

[3] F. Flamini, N. Spagnolo, and F. Sciarrino, Photonic quantum information processing: A review, Rep. Prog.
Phys. 82, 016001 (2018).

[4] C. K. Hong, Z. Y. Ou, and L. Mandel, Measurement of subpicosecond time intervals between two photons
by interference, Phys. Rev. Lett. 59, 2044 (1987).

[5] P. B. R. Nisbet-Jones, J. Dilley, D. Ljunggren, et al., Highly efficient source for indistinguishable single
photons of controlled shape, New J. Phys. 13, 103036 (2011).
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Abstract

We implement an all-optical access to the quantized electronic-nuclear spin transitions in a semiconductor
quantum dot, and we perform coherent rotations of a collective nuclear spin excitation corresponding to a
spin-wave called a nuclear magnon.

Collective excitations of isolated many-body systems generate useful entanglement and offer the opportunity
to control complex quantum dynamics. A simple quantum system, such as a central spin[1], can act as a probe
and a control over a larger and more complex quantum system in ways otherwise inaccessible, and can help
us perform spectroscopy and engineering over its quantum dynamics[2]. Driving the central spin can stimulate
exchange of energy with its surrounding spins, and thus modify the mean-field state of its own environment.
In this work, we engineer this very interaction between an InGaAs quantum dot electron spin and its isolated
ensemble of nuclear spins in a driven-dissipative regime to remove entropic heat from the ensemble, and so
vastly reduce the mean-field state uncertainty tied to its thermal fluctuations[3, 4]. Having cooled the system,
we reveal an absorption spectrum of transitions between many-body states that are collectively-enhanced by the
creation of single spin-wave excitations – nuclear magnons. Resonantly driving such a transition, we stimulate a
coherent interaction between the electron and the nuclear spin ensemble, which is consistent with the controlled
creation of entanglement among all constituent particles[4]. These results constitute the building blocks of a
local dedicated memory for a quantum-dot spin qubit and inaugurate a new solid-state venue for quantum-state
engineering of isolated many-body systems.

[1] Abragam & Hebel, Principles of Nuclear Magnetism, American Journal of Physics 29 (1961).

[2] Taylor et al., High-sensitivity diamond magnetometer with nanoscale resolution, Nature Physics 4 (2008).

[3] Éthier-Majcher et al., Improving a Solid-State Qubit through an Engineered Mesoscopic Environment, Phys-
ical Review Letters 119 (2017).

[4] Gangloff et al., Quantum interface of an electron and a nuclear ensemble, Science (in press),
arXiv:1812:07540.
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Abstract

High-dimensional degrees of freedom of photons can encode more quantum information than their two-
dimensional counterparts. Here we show a method to perform lossless arbitrary high-dimensional Pauli
X-gates on the orbital angular momentum of single photon. The number of involved interferometers scales
logarithmically with the dimension, which is important for practical implementation. The X-gate consists
of a cyclic permutation of qudit basis vectors, and, together with the Z-gate, forms the basis for performing
arbitrary transformations.

High-dimensional quantum systems allow for encoding, transmitting and processing more than qubits sys-
tem. However, performing well-defined manipulations in multilevel systems is significantly more challenging
than for qubits. Laguerre-Gaussian modes of light, carrying orbital angular momentum (OAM), represent an
alternative to polarization that has been applied a lot in high-dimensional quantum domains. The X gate in
high-dimensional Hilbert spaces takes the form of a cyclic permutation of the computational basis vectors. For
a fixed basis in a d-dimensional space the cyclic transformation transforms each basis state into its nearest
neighbour in a clockwise manner with the last state being transformed back to the first one. While efficient
methods for realizing a four-dimensional cyclic transformation in both classical and quantum realms have been
experimentally demonstrated, for an arbitrary dimension such methods are still missing.

Here we present setups of X gates for arbitrary d-dimensional qudits represented by the OAM of single
photons [1]. When developing the general method we took inspiration from designs generated by the computer
program MELVINṠchemes produced by the method can be implemented in the laboratory using accessible optical
components, such as holograms and OAM beam splitters (OAM-BSs). Importantly, the number of OAM-BSs
scales logarithmically with the dimension of the cycle, which is relevant for their experimental implementation.
As shown in Figure 1. A cyclic transformation in a given d-dimensional space is defined for a specific basis, but
also for other sets of states without adaptation of the experimental setup. The structure of the setups generated
by our method is very symmetric. Figure 2 shows the ten-dimensional X-gate. Consequently, if the photon has
a sufficiently large coherence length, the original setup can be considerably simplified.

Figure 1: The number of OAM-BSs scales
logarithmically with the dimension d.

Figure 2: The experimental setup for the X-gate
in the 10-dimensional space.

[1] Xiaoqin Gao, Mario Krenn, Jaroslav Kysela, and Anton Zeilinger, Arbitrary d-dimensional Pauli X gates
of a flying qudit, Phys. Rev. A 99, 023825 (2019).
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Abstract

We consider three settings for the time dependence of gapped quantum walks in one dimension with
additional discrete symmetries. First, there is the continuous time setting with a constant Hamiltonian.
Second, we consider periodic driving, i.e., a continuous time setting where the discrete symmetry applies to
the whole driving process. In the third scenario only the Floquet unitary operator at one driving period is
considered, and taken as a discrete time dynamical system in its own right. In all three cases the classifying
indices are given, and shown to be closely related to those of translation invariant systems. We show how
to construct examples of all classes.

The topological classification of lattice systems with discrete symmetries has become one of the cornerstones
of a theory of topological quantum matter. In the quantum optical context simulated systems [4,5] in optical
lattices exhibit the same structures. In the present work we describe some natural variations in the setting
which lead to distinct but related classification results. We focus on the one-dimensional lattice case, where
all statements can be made rigorous, and the classification is usually in terms of a few integer values or parity
valued indices.

As in all topological classifications, two objects, in our case, quantum dynamical systems, are considered
equivalent, if they are connected by a continuous path of systems of the “same type”. It is crucial which kind
properties are included in this phrase. Typically, they are the following (1) Unitarity in the discrete time,
Hermiticity of the Hamiltonian in the continuous time case (2) Locality in the sense that matrix elements of
the Hamiltonian or of the one-step unitary decay with the distance between sites. (3) Discrete Symmetries,
typically taken from the so-called tenfold way. This involves a combination of reflection symmetries, of either
unitary or antiunitary Wigner type, with or without time reversal. (4) A spectral gap around points invariant
under the symmetries, which are 0 in the Hamiltonian case and ±1 in the unitary case. Often the interest is
in eigenvalues appearing at a boundary between bulks, in which case it is helpful to relax the gap condition
to allowing eigenvalues of finite multiplicities. (5)Translation invariance would seem make the problem much
easier, but we do not assume this, precisely because we want to include joined systems.

In the translation invariant Hamiltonian case, one then gets a classifying index either in the group Z or in
Z2 = {0, 1}, which depends only on the symmetry type. All indices described below will be in this group.

We now consider the three settings for time dependence mentioned in the abstract. Dropping translation
invariance gives an index pair, of which one describes the asymptotic index on the right and the other on the
left. Going to unitaries (Scenario three) one gets an additional index classifying local perturbations, which are
not gentle (i.e., cannot be deformed away)[1]. Finally, going to scenario two [3], i.e. considering the whole
driving process as subject to symmetries, the half-time evolution operator carries the classification. In this case,
we get 5 indices, of which 4 can be interpreted in terms of the Floquet operator and its counterpart in a different
time frame, and 1 classifies additional shifts.

[1] C. Cedzich, T. Geib, F. A. Grünbaum, C. Stahl, L. Velázquez, A. H. Werner, and R. F. Werner, The
topological classification of one-dimensional symmetric quantum walks, Ann. Inst, Poincaré A 19, 325
(2018)
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Abstract

We present the experimental implementation of a reconfigurable phase-stable bulk-optic scheme for 1-
D Quantum Walks (QWs). The scheme is based on two displaced multipass Sagnac Interferometers (Sis)
connected through a common Beam Splitter. The Sagnac configuration allows to set stably the QWs’ phases
for any step of the evolution. One or two photons can be injected in the setup and all output modes can
be measured at any step. We show the experimental realization of different kinds of the evolution, for both
one photon and two photons configuration.

One dimensional Quantum Walks are a suitable scenario for the simulation of the movement of a parti-
cle, also called walker, in a 1-dimensional lattice, representing the surrounding environment with which the
particle interacts. Several diffusion processes can be replicated by mean of an appropriate QW and differ-
ent algorithms are based on 1-D QW [1]. A 1-D QW can be can be realized through a network of Beam
Splitters (BSs), each of them representing a particular position site of the 1-D lattice. The movement of
the walker inside the network is determined by the interference between all possible paths that the walker
can travel. QWs can be realized relying on different platforms [2]. The most direct way to realize a QW
is by mean of a network of bulk BSs, but this implementation undergoes phase instability. Here we present
the experimental implementation of an innovative phase-stable bulk-optic scheme for 1-D Quantum Walks.

Figure 1: a) Setup realized experimentally.
b) Behaviour of position variance for ordered
and disordered QW.

The setup is based on two displaced-multipass Sagnac Interfer-
ometers (SIs), connected through a common BS. The resulting
loop is equivalent to a chain of Mach-Zehnder interferometers
(MZIs), for each of them phase-stability is ensured by the Sagnac
configuration. A QW can be realized exploring the vertical di-
mension of the BS as well as the horizontal one. The vertical dis-
placement can be obtained by suitable Beam Displacers (BDs),
such that when a beam goes through one of them his height is
increased by a fixed value. All possible paths of a QW can be
realized placing the BDs along clockwise trajectories of SI1 and
along counterclockwise ones of SI2 (see Fig. 1a)). By mean of
thin Rotating glass Plates (RPs) phases can be addressed in each
mesh of the network. Removable Mirrors (RMs) are used to ex-
tract and measure each of the possible paths travelled by the
walker. We reproduced experimentally the behaviour of an or-
dered QW, namely a QW in which each path has the same phase,
and a completely disordered QW, in which each path experiences
different phases. In Fig. 1b) is reported the variance of the pho-
ton position during the evolution inside the QW. Theoretical
predictions (OT, DT), predictions obtained with real parameters
of the setup (OTR, DTR) and experimental data (OE, DE) are
reported as function of the number of step. Data agree with the-
oretical simulations, showing that the setup is able to reproduce
different kinds of 1-D QW.

[1] Crespi, Andrea et alii, Anderson localization of entangled
photons in an integrated quantum walk, Nature Photonics
7.4, 322 (2013).

[2] Sansoni, Linda, et alii, Two-particle bosonic-fermionic quan-
tum walk via integrated photonics, Physical review letters
108, (2012).
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Abstract

We show that sudden death, followed by rebirth of entanglement can occur in the evolved Werner state
under the influence of some specific time-dependent magnetic fields. A comparison between the concurrence
and quantum discord for the evolved Werner state is presented in detail.

We consider a two-spin-1/2 system subjected to local controllable time dependent magnetic fields. For some
specific expressions of the magnetic fields acting upon the two spins, the Schrödinger equation has been exactly
solved by decoupling into two independent problems of a single spin-1/2 particle [1].

We assume that the initial state of the two-spin-1/2 system is the Werner state ρW = 1−α
4 I⊗I+α |Ψ− ⟩⟨Ψ− |,

where |Ψ− ⟩ = 1√
2

(| 01 ⟩ − | 10 ⟩) is the singlet state and α ∈ [− 1
3 , 1].

We evaluate the Concurrence (C) and, by using the method from Ref. [2], the quantum Discord (D), making
a comparison between them, in case of two exactly solvable scenarios. We find sudden death and rebirth
of entanglement: in the figures below Discord and Concurrence are plotted in red and black, respectively.
Entanglement sudden death represents the decrease of the entanglement to zero in a short time [3]. A lot of
attention has been devoted in recent years to the study of a combined process, which consists of sudden death,
followed by the rebirth of entanglement, e.g. in the case of two qubits interacting with a common structured
reservoir [4].
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Abstract

We report of a novel approach for tracking the optical activity of a solution of sucrose undergoing acid
hydrolysis using a quantum multiparameter phase estimation protocol. The multiparameter estimation
grants robustness against setup instabilities, providing the ideal platform for chemical samples.

Quantum metrology enables to perform measurements with enhanced sensitivity with respect to classical ones
[1, 2] . In particular phase estimation has been extensively investigated [3, 4] and it has been shown that the
sensitivity can be drastically improved in multiparamter scenarios in the presence of correlations [5, 6]. When
considering a dynamical approach, the time scale which can be explored are limited to sub-second time scales
due to the requirements of the measurement techniques. Processess occurring at these time scale are of interest
in chemical and biological frameworks as many chemical reactions, and more specifically those which can be
monitored by a chirality alteration, are characterized by evolutions compatible with that temporal resolution.

Here we report of an experiment on dynamical multiparameter estimation of the optical activity in the acid
hydrolysis of sucrose [7, 8]. Hydrochloric acid (HCl) in fact catalyzes sucrose hydrolysis, obtaining a solution of
glucose and fructose. While sucrose and glucose are dexorotatory, fructose is levorotatory and its optical power
is greater than that of glucose. Hence, a change in the chirality of the solution from dexorotatory before the
reaction to an overall levorotatory behaviour is expected at completion.

We track the rotatory activity using the multiparameter strategy proposed in [9]: a photon pair is generated
via Type I parametric down conversion (SPDC). The two phtons with orthogonal polarizations are combined
on a polarising beam splitter so that a N00N state in the circular polarisation with N=2 is obtained through
Hong-Ou-Mandel interfernece. The photons are then sent on the chiral sample which imparts a phase φ on the
R polarisation, giving:

|ψ� = cosφ(a†
Ha†

V |0�) − sinφ

�
(a†

H)2 − (a†
V )2

2
|0�

�
(1)

The outcoming photons are hence projected into different polarisation to perform the phase estimation. In a
realistic case, the measured probabilities will also depend on the visibility of the modulations of Eq. (1), which,
if not correctly accounted for, would provide a bias to the phase estimation. In a dynamic scenario, where
the visibility can change in time due to instabilities both of the sample and of the setup itself, monitoring the
visibility thus becomes of paramount importance for reliably tracking the phase evolution of the sample.
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1 Dipartimento di Scienze, Universitá degli Studi Roma Tre, Via della Vasca Navale 84, 00146 Rome, Italy
2 Integrated Quantum Optics Group, Applied Physics, University of Paderborn, 33098 Paderborn, Germany

Abstract

In quantum resource theory, the quantification of coherence of a system plays a fundamental role. An easy way to
study this feature is to look at failures of classical restrictions to measurement outcomes. Here we experimentally measure
the coherence of a single qubit state following the idea proposed in arXiv:1805.12404, (2018).

It is well know that quantum features such as entanglement, quantum discord and non-locality can be used as resources
in many quantum information protocols. It is now clear that even the smallest deviation from classical properties can be
useful and exploited in these tasks, offering an advantage compared to the classical counterpart. A convenient way to
identify the quantum characteristics present in a state is to look at the difference of statistical behaviour of the system,
compared to a classical scenario. This has been exploited in many experiments, e.g. by observing the photon-number
statistics or the statistics of correlated quantum states. The presence of coherence is sufficient to cause significant differ-
ences in its statistical properties. This can be quantified by the violation of the law of total variances that is not fulfilled
in the presence of quantum coherence. We demonstrate experimentally the violation of such law for an arbitrary mixed
single qubit state ρ , by measuring the variance of a measurement ŷ both on the original state (Vρ ), and in the instance that
a measurement of the Pauli operator ẑ is performed on the state, hence removing its coherence, obtaining in this case the
variance Vσ .

ρ =

�
1− p

�
p(1− p)γ�

p(1− p)γ∗ p

�
; ŷ = cosθ

�
−1 0
0 1

�
+ sinθ

�
0 eiφ

e−iφ 0

�
; ẑ =

�
−1 0
0 1

�

Experimentally, our state is encoded in the polarization degree of freedom of single photons obtained by parametric down
conversion. The value of p can be changed moving a half wave plate (HWP) in the preparation stage of an angle α so that
p = sin22α while θ is four times the angle of the HWP in the measurement stage. In order to realize the two measurement
schemes, we use a C-sign gate that allows to implement the measurement with or without the presence of coherence. One
photon is used as the signal while the other acts as meter. The signal state will be influenced depending on which basis the
meter is prepared and measured. The ŷ measurement is easily implemented with a HWP and a polarizing beam splitter
(PBS) in the measurement stage, when the gate is turned off and the meter state is measured in the {|0�, |1�} basis. For
the second scenario, we turn on the gate and then we repeat the ŷ measurement. While the law of total variance would
predict Vρ −Vσ = 0, the presence of quantum coherence yields:

ΔV = Vσ −Vρ = 4
�

(1− p)pγ sinθ
�
(2p−1)cosθ +

�
(1− p)pγ sinθ

�
.

The experimental results, toghether with the theoretical trend of ΔV , are presented in Fig. 1.
In summary, we experimentally demonstrate the violation of the total variances law for a single qubit state in presence

of coherence, showing that the amount of violation is dependent on the amount of coherence present in the state. This
approch provides an easy way to quantifing the coherence of an arbitrary mixed state.

Figure 1: Results for a particular choice of data) ΔV in function of the measurement angle for p = 1
2 and γ = 1 b) ΔV in

function of the state parameter p for θ = π
2 and γ = 1 c) ΔV in function of the state parameter γ for θ = π

2 and p � sin2 π
8 .
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Abstract

Coherent, optically dressed media composed of two-level atomic systems without inversion symmetry
make optically tunable sources of radiation in the GHz-THz domain. Here, full propagation dynamics of
such low-frequency impulses is investigated to eventually formulate conditions for stable impulse buildup.

A two-level atomic system is one of the simplest examples one can investigate in the context of interactions
with light. Nevertheless, there is still room for new or poorly examined phenomena. If a two-level atomic
system characterized by inversion symmetry in space, such as an atom, is coupled to a classical electromagnetic
field, it undergoes Rabi oscillations where the population flips between the ground and excited levels. In this
contribution we investigate a scenario, where a system of broken inversion symmetry is used instead. In such
case the dynamics is modified for the following reason: Eigenstates of an asymmetric system can be characterized
with a permanent electric dipole moment originating from the polarization of charges, which plays a significant
role of an additional source of dipole radiation. Its frequency corresponds to the Rabi frequency of population
transfer between the eigenstates [1, 2], and therefore is optically tunable with the intensity of the driving field.
If the driving field is strong, the frequency of the generated impulse might reach the terahertz regime.

For a realistic description of the process and access to the full propagation dynamics, it is essential to examine
not only one individual two-level system, as in previous works [1, 2], but a coherent ensemble thereof. For this
purpose we apply a semiclassical approach, to describe a medium of two-level asymmetric systems driven by a
strong coherent beam of light Edrive(t), and being a source of dipole radiation at Rabi frequency ERabi(r, t).
The interaction Hamiltonian describing the process reads

V̂ = −[Edrive(t) + ERabi(r, t)].d̂,

where d̂ =
�

i,j∈{e,g} dij |i��j| is the dipole moment operator of the asymmetric system, while e and g correspond
to the excited and the ground state of the system. Its diagonal elements stand for the permanent dipole moments
in the system’s eigenstates. They are unique to asymmetric two-level systems and have typically been neglected.

In our semiclassical approach, optical Bloch equations are used to describe dynamics of the medium, in
particular to evaluate its polarization P = N Tr(ρd̂). Here, N is the number of two-level systems per unit
volume and ρ is their density matrix. The polarization is a source in the Maxwell’s wave equation describing
the propagation of the generated low-frequency pulse ERabi(r, t), initially being zero and gradually building up
and propagating in the medium.

Two approximations commonly applied in similar problems are the rotating wave approximation (RWA)
removing fast oscillations from evolution equations, and the slowly varying envelope approximation (SVEA)
valid if frequency of the pulse largely exceeds the inverse time-scale of the dynamics set by Rabi frequency.
Here, the RWA must be adjusted to account for oscillating permanent dipole moments, essential for the impulse
buildup. The SVEA is not applicable, since the frequency of the generated pulse precisely corresponds to the
time-scale of dynamics of the investigated system.

In general, the impulse propagation equation coupled to Bloch equations for the medium cannot be solved
analytically. Therefore, a numerical approach is applied [3]. We construct a solver to calculate dynamics of an
impulse propagating along the medium driven by an electromagnetic field in the visible domain. The goal is to
identify realistic parameter regimes for future experiments where a stable buildup of the low-frequency impulse
occurs.

[1] O. V. Kibis, G.Ya. Slepyan, S.A. Maksimienko, A. Hoffman, Matter Coupling to Strong Electromagnetic
Fields in Two-Level atomic systems with Broken Inversion Symmetry, Physical Review Letters, 102, (2009).

[2] P. G�ladysz, Asymetryczny uk�lad dwupoziomowy w oddzia�lywaniu ze świat�lem, bachelor thesis, Toruń (2017).

[3] H. Loui, 1D-FDTD using MATLAB, ECEN-6006 Num. Meth. in Photonics Proj. 1, 1–13 (2004).
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Abstract

Recent experimental advances provide us with platforms where natural or artificial quantum emitters
interact with structured photons or matter waves confined to reduced dimensionalities. In this talk, we
will show several examples how the interplay between the reduced dimensionality and non-trivial energy
dispersion gives rise to phenomena very different from conventional platforms such as novel collective atomic
interactions or non-trivial relaxation dynamics.

The interaction of (natural or artificial) emitters with the structured propagating photons (or matter-waves)
which appear in nanophotonics structures [1, 2], circuits [3], or state-dependent optical lattices [4] challenge
standard quantum optical wisdom. These unconventional photonic reservoirs can be engineered to display non-
trivial energy dispersions and propagation, e.g., with band-gaps or saddle-points, where conventional quantum
optical approximation fail. In this talk, we will present several cases where these structured photonic reservoirs
leads to unconventional phenomena, such as non-exponential decays [5, 6, 7], anisotropic collective decays
leading to novel super/subradiant states [5, 7], or purely long-range dipole-dipole interactions [6], which can be
harnessed to simulate long-range interacting spin models.
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The realization of future quantum networks will heavily rely on a strong interaction of single photons with
single quantum emitters like atoms, molecules or quantum dots. Possible routes towards this goal include tight
focusing [1], dielectric nano-waveguides [2] and microcavities [3]. The latter approach is particularly promising,
because it can compensate for possible shortcomings of the emitter by exploiting effects of cavity quantum
electrodynamics.

In this presentation we report on the efficient coupling of (single) photons to an organic molecule in a fiber
microcavity. The system is operated at the onset of the strong coupling regime of cavity quantum electrody-
namics, where a strong Purcell factor of 38 effectively turns the molecule into a two-level quantum system. We
observe 99% extinction of a laser beam, which means that our molecule in the cavity acts almost as a perfect
scatterer of photons [4]. The strong coupling also leads to a 66 degree phase shift on a laser beam, saturation
of the molecule with about half a photon per fluorescence lifetime and a significant modification of the Lamb
shift. Additionally we observe a very strong bunching behavior in the transmitted laser light, which can be used
to realize a photon sorter.

We performed our experiments not only with a weak laser beam but also with true single photons. To do so,
we generated single photons by a second organic molecule in another laboratory. These lifetime-limited single
photons can be frequency tuned by the DC Stark effect and thus scanned across the frequency of the target
molecule. We observe again a close to perfect extinction. Our experiments pave the way for building efficient
linear and nonlinear quantum optical circuits based on organic molecules.

[1] J. Hwang, M. Pototschnig, R. Lettow, G. Zumofen, A. Renn, S. Götzinger, V. Sandoghdar, A single-
molecule optical transistor, Nature 460, 76 (2009).
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Abstract

We introduce a new scheme for generating pulsed spectral-mode entanglement in engineered parametric
downconversion (PDC) processes. We experimentally benchmark this technique via two-photon interference
and dispersive fibre spectroscopy. As a proxy for more complex multi-photon protocols we implement a
pulsed spectral-mode entanglement swapping scheme with near unity success probability.

Photonic quantum technologies rely on the generation of high-quality single-photons. A key open challenge
is to encode as much information as possible into a single photon to enhance the efficiency of quantum protocols.
For this reason, the last few years have seen increasing interest in going beyond polarisation encoding exploiting
different degrees of freedom (DoF) of light, such as orbital angular momentum, time and frequency.

Here we present a new scheme for generating spectral-mode entanglement in PDC photon pairs, enabled by
our nonlinearity engineering technique [1, 2]. By tailoring the ferroelectric domains’ structure of a poled crystal
we can indeed reshape its phase-matching function (PMF) to generate PDC photons spectrally-entangled in
an arbitrarily high-dimensional Hilbert space, complementing the temporal-mode framework developed in [3].
We experimentally benchmark our technique in group-velocity-matched KTP crystals at telecom wavelengths.
The crystal’s PMF is designed to generate maximally entangled singlet states in the pulsed spectral-mode
space: |ψ−� = 1√

2
(| � | � − | � | �). This can be verified with two-photon interference and joint-spectrum

(JSI) reconstruction via dispersive fibre time-of-flight spectroscopy. We measure a nearly-unity visibility of
the antibunching interference that, combined with the characteristic shape of the interference pattern and the
joint-spectrum, represents an unequivocal signature of the biphoton wavefunction’s antisymmetry (see fig. 1).
We finally demonstrate the scalability of our technique to multiphoton scenarios by implementing a pulsed
spectral-mode entanglement swapping scheme between two photon-pairs produced in two different crystals.

Our technique can be easily implemented as it consists in a standard single-pass PDC setup, achieves high
biphoton rates (> 4KHz detected-pairs/mW, 60% symmetric heralding), is compatible with other DoF encodings
and can be adapted with small overhead to waveguide sources for integrated quantum photonics applications.

0.
0.4
0.8
1.2
1.6
2.

cc
10

5
H
z

2 1 0 1 2
0.

0.2

0.4

0.6

t mm

cc
10

5
H
z

(a) (b)

V=99.4%

V>95%

V>24%

2 1 0 1 2
0.

2.

4.

6.

8.

t mm

cc
10

5 H
z

Figure 1: (a) Theoretical joint spetral amplitude and JSI (left) with corresponding experimental interference
pattern and JSI (right). (b) Experimental JSIs and corresponding interference patterns non-postselected (top)
and postselected (bottom) on fourfold coincidences: we measure a protocol success rate higher than 95%
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Abstract

We propose a model describing N spin-1/2’s coupled through N -order interaction terms, under local time-
dependent fields. This model can be experimentally implemented with trapped ions and superconducting
circuits current technologies. We succeed in exactly converting the quantum dynamics of this system into
that of 2N−1 fictitious spin-1/2 dynamical problems. We show the possibility of generating GHZ states
under specific time-dependent scenarios. Moreover, by appropriately engineering the time-dependence of
the coupling parameters, one may choose a specific subspace in which the N -spin system dynamics takes
place. This feature, called selective interaction, can generate a cooling effect of all N spins.

Trapped ions and superconducting circuits provide examples of quantum simulators of the dynamical be-
haviour of other quantum systems. A fascinating formal aspect of quantum simulation is the mathematical
occurrence of local N -wise spin-1/2 coupling terms in the Hamiltonian. Here N -wise means that the interaction
among the N spins may be represented as an N -degree homogeneous multilinear polynomial in the 3N dynami-
cal variables of all the N spins. Such a kind of coupling is of course alien to physical context like nuclear, atomic,
and molecular physics. However, the usefulness of such N -spin Hamiltonian models has been recently brought
to light in the treatment and the study of fermion lattice models where many-body interactions are present [1].
Moreover, the physical relevance of these couplings can be found in the fct that it is possible to implement such
many-body interactions through both trapped ions- [2] and superconducting transmon qubit-based techniques
[3], exploiting collective entangling operations [4].

We have exactly solved a time-dependent model of N spin-1/2 systems comprising highly non-local interac-
tions, namely [5]

H =
N�

k=1

�ωk(t)σ̂z
k + γx(t)

N�

k=1

σ̂x
k + γy(t)

N�

k=1

σ̂y
k + γz(t)

N�

k=1

σ̂z
k.

σ̂x, σ̂y and σ̂z are the standard Pauli matrices. The coupling constants γx, γy and γz quantitatively characterize
the three interaction terms and �ωk is the energy separation induced in the k-th spin by its relative field.

Firstly, we have shown that, thanks to non-local N -order interaction terms, it is possible to reverberate to all
the spins in the system the dynamical effects generated in one of the N spins (ancilla qubit) by the application
of a time-dependent field. This allows us to generate easily GHZ sates or a contemporary perfect inversion of all
the spins. Secondly, we proposed a protocol through which we may generate a cooling effect of the whole spin
system based on what we called selective interaction. The latter consists in the possibility to select a specific
dynamically invariant subspace for a non-trivial dynamics of the N -spin system, by appropriately engineering
the time-dependence of the coupling parameters. The key to get such physical results lies on the possibility to
solve exactly the dynamics of the N -spin system by reducing the problem into a set of independent dynamical
problems of single spin-1/2’s.

[1] J. Casanova, A. Mezzacapo, L. Lamata, and E. Solano, Phys. Rev. Lett. 108, 190502 (2012).
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Abstract

We analyze the information from higher-order correlation functions g(k)(0) with respect to the projection
of the quantum state on the space with less than k photons. As for the special case of k = 2, for sufficiently
low g(k)(0), this projection obtains an absolute non-zero lower bound, as well as a relative bound for the
subspace with at least one photon. Moreover, large-k limits are derived, which allow general lower bounds
on these quantities.

The highly nonlinear nature of correlation functions is one of the striking features of quantum physics, which
in the last decade has become much more accessible thanks to more refined theory [1] and experiments, the
latter being performed in Paderborn [2]. That said, applications of these correlation functions vary drasti-
cally between different fields of physics. In semiconductor optics g(2)(0) is measured to identify single-photon
sources. Recently, we have analyzed the information gathered from g(2)(0) in this respect [3], showing that this
interpretation is independent from the quantum optical notion of subpoissonian or antibunched light. Here,
we generalize these ideas to higher orders k [4]. If g(k)(0)falls below the value it attains for the Fock state
|k�, a nonzero lower bound can be derived for the projection of the density operator on the subsapce below
k excitations. Likewise, for excluding vacuum from this subspace, one can still obtain a lower bound for the
ratio of 1 to k − 1 excitations compared to k to infinite excitations, which for k = 2 implies a ratio of single
to multiple photons. An effective correlation function g̃(k)(0) is derived that takes vacuum effects into account.
We compare these notions for different known quantum states. Finally we note, see Fig. 1, that for large k,
these amplitudes approach a steady behavior. We derive expressions for these bounds, which may be used as
general lower bounds for the sub-k projection. This work connects the different viewpoints of two fields of
physics applying similar concepts for different needs and may further enrich the understanding in both of them.

Figure 1: Lower on bound on the sub-k-photon projection of state for different k and large-k limit. From top
to bottom k = 2, 3, 10,∞.
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Abstract

We study the spectral properties of squeezed quantum light of ultrashort duration. In particular, we
introduce a continuous multimode squeezing operator for the description of subcycle pulses of entangled
photons generated by a coherent-field driving in a thin nonlinear crystal with χ(2) susceptibility. We find
the ultrabroadband spectra of the emitted quantum radiation perturbatively in the strength of the driving
field. These spectra can be related to the spectra expected from the Unruh-Davies effect with a finite time
of acceleration. In the time domain, we describe the corresponding behavior of the normally ordered electric
field variance, which can be compared to the recent results obtained in quantum electro-optic experiments.

The nature of the quantum vacuum has been an actively studied and scientifically intriguing subject since
the very early years of quantum mechanics. According to quantum field theory, the vacuum can be seen as an
infinite set of harmonic oscillators in their ground states, each of them defining the vector potential (and thus the
electric field) for a given wave vector and polarization. This infiniteness, however, renders extra complications
to both theoretical and experimental studies involving the vacuum and its properties. Furthermore, the idea
that a non-uniformly moving observer can perceive the vacuum as a populated state (Unruh-Davies effect) raises
fundamental questions on the roles of entanglement, acceleration and causality in quantum phyiscs. Recently,
a series of works [1, 2, 3] provided a deeper glance at the quantum structure of vacuum in an optical system by
sampling and squeezing the fluctuations of the ground state of the electric field at a femtosecond time scale.

Following the respective works, the squeezing operator for an ultrabroadband (continuous) multimode
squeezed vacuum state generated in a thin nonlinear crystal was derived. The squeezing is found to depend
on the shape and duration of the driving coherent pulse generated via optical retification in a χ(2) non-linear
crystal. The spectral photon density distribution for such squeezed states can be calculated perturbatively and
shows to a good accuracy an exponential decaying behavior for driving field shapes with fast enough decaying
tails. We compare the corresponding spectra with the thermal-like spectrum of the Unruh-Davies radiation seen
by a finite (laboratory-frame) lifetime observer moving with constant proper acceleration in Minkowski space-
time [4]. The temperature of the thermal radiation experienced by the accelerated observer depends inversely
on his lifetime, which agrees with the inverse dependence on the driving pulse duration (i.e. refractive index
modulation) seen for the spectra of squeezed vacuum [5]. Additionally, we analyse the temporal behavior of the
normally ordered variance of the electric-field operator, which demonstrates both squeezing and anti-squeezing
for different time intervals [6]. We show that the variance can be related to the world lines of the light modes
propagating in the curved metric generated in the crystal through the Pockels effect.
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Abstract

An increased attention has turned recently to the usage of the special optical beams in electromagnetically
induced transparency (EIT) [1], particularly optical vortices [2,3]. An optical vortex is a beam with nonzero
orbital angular momentum (OAM), meaning that its optical phase is a function of azimuthal coordinate and
the wavefront is helical [4]. The OAM serves as an additional degree of freedom for a photon and hence
represents a system of a higher dimension for the high capacity information transmission.

Recently a scheme has been proposed for detection of the structured light by measuring the transmission
of a vortex beam through a cloud of cold rubidium atoms with energy levels of the Lambda-type configuration
[5]. This enables observation of regions of spatially dependent EIT. Here we suggest another scenario for
detection of the structured light by measuring the absorption profile of a weak nonvortex probe beam in a
highly resonant five-level combined tripod and Lambda (CTL) atom-light coupling setup (Fig. 1)[3,6].

FIG. 1: Five-level combined tripod and Lambda atom-light coupling setup.

We demonstrate that due to the closed-loop structure of CTL scheme, the absorption of the probe
beam depends on the azymuthal angle and the OAM of the control vortex beams. This feature is missing
in simple Lambda or tripod schemes, as there is no loop in such atom-light couplings. One can identify
different regions of spatially structured transparency through measuring the absorption of probe field under
different configurations of structured control light [3].
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Abstract

The nonlinear optical response of direct-gap semiconductors is investigated by solving the semiconductor
Bloch equations. In a perturbative treatment of the light fields we obtain multi-photon absorption coefficients
as well as the corresponding higher-order corrections. Non-perturbative solutions in the strong-field regime
show, e.g., Stark shifts and multi-photon analogues of Rabi oscillations.

Two- and multi-photon absorption (2PA/NPA) by semiconductors has been studied by a variety of theo-
retical approaches. However, still several fundamental aspects are not yet well understood, in particular, with
regards to higher-order processes and the dynamical behavior.[1] The semiconductor Bloch equations (SBE)
allow us to study these effects within the semiclassical approximation, when both the interband excitation and
the intraband acceleration are taken into account.

We evaluate the SBE for two-band models and neglect many-body interactions for simplicity. The pertur-
bative Bloch equations are solved analytically in the continuous-wave limit up to 7th order in the optical field.
We confirm a previously found[2, 3] strong enhancement of NPA for non-degenerate excitation frequencies. In
Fig. 1 the analytical results (dashed lines) are compared with numerical solutions for pulses of finite duration
for a pump-probe scheme (yellow lines). The numerical results also feature higher-order corrections to each
NPA. We demonstrate that their approximate shape can be predicted from the probe-frequency dependence of
the NPA (dotted lines). Further aspects that are evaluated for pulses of finite duration are the dependencies
on dephasing and relaxation, initial carrier densities, and the pulse delay.

In the high-intensity regime, dynamic saturation effects occur which are revealed by non-perturbative nu-
merical solutions. In particular, we discuss NPA Rabi-like oscillations for a single strong pulse, as well as
non-trivial transients for the strong pump/weak probe scheme.

Figure 1: NPA coefficients α(N) for N=2, 3, 4.[1] The probe frequency is fixed at ω1 = 1.2 eV/�. The band gap
resonances are indicated by vertical blue dotted lines. See text for details.
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Abstract

Single photon sources are a key component in quantum information applications. In this contribution
we focus on a two-photon process to produce single photons, whose properties, for instance the state of
polarization, the time of emission and the spectral shape, can be controlled optically. Further, we explore
the potential to emit single photons on demand. Here, complex and optimized pulse shapes may be the key
to increase the single photon emission probability.

Semiconductor quantum dots are known to be good sources for quantum light. Two-photon processes from a
biexciton have shown the potential to emit both polarization-entangled photon pairs [1, 4] and single photons [2].
In this contribution we analyze the single photon emission based on a two-photon emission process theoretically.
Starting with an occupied biexciton state, a laser pulse drives the system into a virtual state inside the band gap
of the semiconductor (see figure 1a)). Once the system relaxes to the ground state a single photon is emitted
(see figure 1b)). Due to the partly stimulated nature of this two-photon transition the properties of the single
photon can be tailored optically. This allows us to control the polarization state [2], the time of emission [2] and
the spectral properties [3] of the single photon. A high-Q cavity enhances the single photon emission. Tuning
the optical fields close to the exciton and biexciton states increases the possibility of undesirable quantum
interferences [5]. In this regime, we analyze the effect of complex and numerically optimized pulse shapes on the
emission process to enhance and optimize the resulting single photon process (see figure 1c)) towards on-demand
emission.
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Figure 1: Single photon emission: In a) the single photon emission scheme based on a two-photon process is
shown. The calculated single photon population in a cavity mode is depicted in b). The single photon emission
c) of a cavity mode is increased using an optimized control pulse.
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Abstract

We report on the integration of superconducting nanowire single photon detectors (SNSPDs) on lithium
niobate waveguides. In particular, we discuss challenges during the fabrication process, characterization
methods and efficiency optimization.

Lithium niobate is an interesting platform for quantum optics. Waveguide-integrated devices provide a
versatile toolbox for complex optical circuits, due to their low-loss waveguiding of TE- and TM-polarization
modes, electro-optic properties, and high second order susceptibility [1]. Many different tools for quantum
optics applications have been realized on this platform including single-photon sources, couplers, switches and
modulators. In addition, highly-efficient fiber-coupling can be achieved by direct end-face pigtailing due to an
optimized mode overlap with the titanium in-diffused waveguides. However, the integration of single-photon
detectors on these waveguides is challenging [2, 3, 4].

State-of-the-art single photon detectors at optical or telecom wavelength use the breakdown of superconduc-
tivity and a resulting electric response to measure impinging single photons. These detectors provide outstanding
quantum efficiency and low noise. On the other hand they require cryogenic temperatures around 1 K. Super-
conducting nanowire single photon detectors (SNSPDs) made of amorphous tungsten silicide (a-WSi) offer high
internal quantum-efficiency above 90% at 1550 nm wavelength and low timing jitter as well as fast recovery
times [5]. These detectors were demonstrated on various substrates including waveguide circuits. Our goal is the
integration of a-WSi-SNSPDs on lithium niobate waveguides which enables the combination of highly-efficient
nonlinear optics and on-chip detection for new complex quantum experiments. We have already shown suc-
cessful deposition and saturated internal quantum-efficiency of our on-chip detectors [3]. Now we are working
on the evanescent coupling from a waveguide to the detectors including manipulation of the optical mode to
increase the system efficiency.
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Abstract

We consider a family of s-parameterized quasidistributions for a single-mode bosonic field and introduce
for any state ρ its operator ordering sensitivity as derivative of the second order Renyi entropy of its
quasidistribution with respect to s at s = 0. We show that this quantity defines a norm on the space of all
density operators. On the basis of this norm we introduce a new distance-based measure of nonclassicality
for a bosonic field.

The state of a bosonic field is classical if it is a statistical mixture of coherent states, or equivalently,
if its Glauber-Sudarshan P-function defines a probability on phase space [1]. Otherwise, it is non-classical.
Characterizing and measuring such non-classicality remains an important issue in quantum optics and quantum
information theory notably. We introduce a new distance-based measure for non-classicality, and show it
outperforms existing such measures in several ways.

The quantum states of a single-mode bosonic field with the annihilation operator a are characterized by
quasi-probability distributions Ws which are functions on phase space that depend on an ordering parameter
s [2]. The P-function corresponds to s = 1 and the Wigner function to s = 0. We introduce the ordering
sensitivity of the state by

So = − d

ds
ln ||Ws||2 = −1

2

Tr
�
[Q, ρ]2 + [P, ρ]2

�

Tr ρ2
= |||ρ̃|||2, (1)

where ||Ws||2 is the integral of W 2
s over phase space, Q = 1√

2
(a† + a), P = i√

2
(a† − a), and ρ̃ = ρ/

�
Tr(ρ2). So

evaluates the sensitivity of the state to operator ordering and measures the oscillations in its Wigner function.
Using the properties of the quasiprobability distributions Ws , we first show that, if the state is classical,

then So is less than 1. This establishes So as a non-classicality witness. Furthermore, pure states are classical
iff So = 1. We then show that So defines a norm on the space of all density operators and hence induces a
distance from any state to the set of all classical states C:

N (ρ) = inf
σ∈C

|||ρ̃− σ̃|||. (2)

This distance provides a new measure of non-classicality. We show it is easily computable in terms of field
quadratures, captures several intuitive features of non-classicality naturally, and detects in many cases non-
classicality more efficiently than previously used indicators [3, 4].

Questions arising in quantum information theory drive a continued interest in the exploration of the quantum-
classical boundary. There is in this context a need for efficient criteria to determine the strength of the various
quantum features of a quantum state. We have concentrated here specifically on the non-classicality question
and introduced a new non-classicality criterion that provides an efficient tool for the exploration of the quantum-
classical boundary in bosonic systems [5].
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Abstract

We report on our advances to use quantum dots in micropillar cavities to demonstrate a single quantum
repeater node based on the proposal from Luong et al. [1].

Modern classical cryptography relies on mathematical complexity and is likely to become insecure with
future developments in quantum computing. The security in communication can be recovered using quantum
communication, whose security is solely based on the laws of physics. Photons, which are used for encoding,
change their quantum state upon measurement and thus a possible eavesdropper can be easily detected. Un-
fortunately, this feature also disables the use of amplifiers in the classical sense, where the signal that lost
strength in the channel is measured and re-amplified to cover bigger distances. To circumvent the problem of
amplification while enabling the possibility to cover large distances the concept of a quantum repeater [2] was
introduced.

Recently, several groups demonstrated in a proof of principle experiment that two distant quantum dot (QD)
ground state spins can be entangled [3, 4], which is a prerequisite to use QDs as quantum repeater nodes. For
a scaleable network there are several challenges: The quantum dot transitions have to be indistinguishable to
swap the entanglement from the photons to the spin degree of freedom. Furthermore, the photon extraction
rates have to be increased to increase success probability. This will become crucial when networks get bigger,
with longer paths and more nodes. While looking for quantum dots that are the same by chance is reasonable
for small systems (up to maybe 3), it becomes unfeasible for bigger networks. We show some first results of
quantum dots embedded in micropillar cavities on a piezo substrate to simultaneously tackle the efficiency [5]
and the tuning problem [6].
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Abstract

We give a description of the time evolution of the quantum coherence by using the relative entropy
of coherence for a system consisting of two coupled non-resonant bosonic modes immersed in a thermal
environment.

An impressive progress in the development of quantum information theory is reached presently from the
quantum resource theory approach to quantum correlations, like entanglement, discord and steering [1, 2, 3],
and to quantum coherence. Recently, a framework for the quantification of coherence has been established [4],
in which quantum coherence is treated as a resource in a manner similar to quantum entanglement. In this
work we address the quantification of coherence in Gaussian open systems [5], in the framework of the theory
of open systems based on completely positive quantum dynamical semigroups.

We give a description of quantum coherence by using the relative entropy of coherence for a system consisting
of two coupled non-resonant bosonic modes immersed in a thermal environment. We discuss the influence of
the reservoir on the time evolution of the quantum coherence in terms of the covariance matrix for initial
squeezed thermal states. We show that the dynamics of the quantum coherence strongly depends on the initial
states of the subsystem (squeezing parameter and thermal photon numbers), the frequencies of the modes, the
parameters characterizing the thermal reservoir (temperature and dissipation coefficient) and the intensity of
the coupling between the two modes [6]. In the figures below it is illustrated the dependence of the quantum
coherence C on time t and the temperature T of the thermal environment (left), respectively on time t and
intensity q of the coupling between the modes (right).
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Abstract

Photon can be generated, manipulated and detected comparatively easier than other quantum parti-
cles, and can be transferred in a long distance without coupling with environment. Photon therefore is a
promising candidate for realizing quantum information processing. However, the limitations of bulk optics
have become key bottlenecks preventing quantum technologies from realizing in practice. Alternatively,
integrated photonics provides an elegant way to scale up quantum systems. In this talk, we will present
our endeavors recently delivered in Shanghai Jiao Tong University on femtosecond laser direct writing of 3D
photonic quantum chips and the applications in quantum computing and quantum simulation.

Applying quantum simulation to real physical and computational problems has been a main thought of
quantum information science since Feynman raised the concept of quantum computing. Quantum simulation is
to use the Hamiltonian of a quantum system to simulate the Hamiltonian of the target system. The mapping
needs not to be highly strict, but only to be able to produce some expected features of the target system, and
even some qualitative results instead of full quantitative details are very valuable. In the two major genres of
quantum computing, the universal (or digital) one and the analog one, the former is more prone to the influence
of errors and rely more heavily on error corrections. On the other hand, the analog quantum computing has the
advantages of the lower resource requirements and the higher tolerance level to imperfections of the quantum
system.

Photons propagating through coupled waveguide arrays can be described by the Hamiltonian:

H =
N�

i

βia
†
iai +

N�

i�=j

Ci,ja
†
iaj (1)

where βi is propagating constant in waveguide i, Ci,j is the coupling strength between waveguide i and jthat
mainly depends on waveguide spacing can be obtained via a coupled mode approach. By using femtosecond
laser direct writing technique, we are able to map the Hamiltonian into a 3D photonic chip. We perform analog
quantum computing [1, 2] and quantum simulation [4] by Hamiltonian engineering through freely tuning βi and
Ci,j , as well as by introducing high dimensions. However, it is still very challenging to precisely characterize
and detect 3D photonic quantum chips composed of thousands of modes, which might be solved by quantum
machine learning and quantum imaging. address The machine learning of quantum states [5] and quantum
imaging [6].

[1] H. Tang, X.-F. Lin, Z. Feng, J.-Y. Chen, J. Gao, K. Sun, C.-Y. Wang, P.-C. Lai, X.-Y. Xu, Y. Wang,
L.-F. Qiao, A.-L. Yang & Xian-Min Jin, Experimental two-dimensional quantum walk on a photonic chip,
Science Advances 4, eaat3174 (2018)

[2] Hao Tang, Carlo Di Franco, Zi-Yu Shi, Tian-Shen He, Zhen Feng, Jun Gao, Ke Sun, Zhan-Ming Li, Zhi-
Qiang Jiao, Tian-Yu Wang, M. S. Kim & Xian-Min Jin, Experimental quantum fast hitting on hexagonal
graphs. Nature Photonics 12, 754 (2018)

[3] Yuan Chen, Jun Gao, Zhi-Qiang Jiao, Ke Sun, Wei-Guan Shen, Lu-Feng Qiao, Hao Tang, Xiao-Feng Lin
& Xian-Min Jin, Mapping Twisted Light into and out of a Photonic Chip, Physical Review Letters 121,
233602 (2018)

[4] Yao Wang, Jun Gao, Xiao-Ling Pang, Zhi-Qiang Jiao, Hao Tang, Yuan Chen, Lu-Feng Qiao, Zhen-Wei
Gao, Jian-Peng Dou, Ai-Lin Yang & Xian-Min Jin, Parity-Induced Thermalization Gap in Disordered Ring
Lattices, Physical Review Letters 122, 013903 (2019)

[5] J. Gao, L.-F. Qiao, Z.-Q. Jiao, Y.-C. Ma, C.-Q. Hu, R.-J. Ren, A.-L. Yang, H. Tang, M.-H. Yung &
Xian-Min Jin, Experimental Machine Learning of Quantum States, Physical Review Letters 120, 240501
(2018)

[6] K. Sun, J. Gao, M.-M. Cao, Z.-Q. Jiao, Y. Liu, Z.-M. Li, E. Poem, A. Eckstein, R.-J. Ren, X.-L. Pang,
H. Tang, I. A. Walmsley & X.-M. Jin, Mapping and Measuring Large-scale Photonic Correlation with
Single-photon Imaging, Optica 6, 244-249 (2019)

92



Experimental demonstration of Hardy’s paradox using three-qubit

states
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Abstract

The aim of our research is to show validity of probability conditions characterising Hardy’s paradox.
We have prepared a particular type of three-qubit entangled state, for instance general Greenberger-Horne-
Zeilinger (gGHZ ) state or W state. Our goal is to prove genuine three-partite nonlocality of these states.
Practically, we realised qubits as polarisation states of two photons and spatial mode of one photon.

It has been suggested by Bell that there are quantum systems exhibiting measurement correlations that
contradict local realistic theories [1]. His approach was based on statistical evaluation of measurement results
and gave rise to famous inequalities. Analysis of the outcomes revealed that they are incompatible with every
hidden variable theory. In 1992 Lucien Hardy devised an experiment which also demonstrated non-locality of
quantum mechanics. In the original suggestion, there was used only two qubit system [2], however we broadened
the concept and prepared specific three-way entangled states, like gGHZ states (defined as cos θ|000�+sin θ|111�,
0 ≤ θ ≤ π/4) or W states (defined as 1/

√
3(|001�+|010�+|100�)), to verify satisfaction of Hardy-type conditions

for them. Nonlicality of gGHZ states has been recently addressed experimentally [3] showing violation of 3
particular Bell inequalities.

Simplified outline of Hardy’s paradox is as follows [4] (the notation is also taken from there): there is a
three-partite system denoted n ∈ {1, 2, 3}. Further, assume that each of local observers, e.g. the k-th one,
performs a measurement of two observables {ak, bk}. Measurement outcomes may reach only values {0, 1}. The
paradox is given by a set of joint probabilistic conditions that cannot be satisfied all at once:

P (0n|an) > 0, P (0n|bkak̄) = 0, ∀k ∈ n, P (1k�1k0kk̄� |bk�bkakk̄�) = 0, ∀k ∈ n\{k�}, (1)

where k̄ = n\{k} and k̄k̄� = n\{k, k�}. For quantum systems, in our case genuine entangled state �, we have to
specify basis kets {|ai�, |bi�} for every photon i. We denote |āi� state orthogonal to |ai�. Let us further choose
two noncommuting observables A and B (e.g. polarisation of photon and its spatial mode) with {|ai�, |āi�} and
{|bi�, |b̄i�} being their eigenstates, respectively. The following relations has to be valid

�an|�|an� > 0, �bkak̄|�|bkak̄� = 0, ∀k ∈ n, �b̄k� b̄kakk̄� |�|b̄k� b̄kakk̄�� = 0, ∀k ∈ k̄� . (2)

We measured 6 linear independent projections {|a1a2a3�, |b1a2a3�, |a1b2a3�, |a1a2b3�, |b1b2a3�, |b1a2b3�} spanning
the Hilbert space.

Experimentally, we generated photons using a process of spontaneous parametric down-conversion in a
cascade of two BBO crystals. Such process provides photon pairs correlated in polarisation. The third qubit
originates from splitting one photon’s path by beam displacer into two, imposing on it a spatial mode denoted
{0, 1}. More detailed description of the experimental set-up for creation gGHZ states is provided in [3].

[1] J. S. Bell, Physics 1, 195 (1964).

[2] R. Rahaman, M. Wieśniak, and M. Żukowski,True multipartite entanglement Hardy test, Phys. Rev. A 90,
062338 (2014).

[3] A. Barasiński, A. Černoch, K. Jiráková, K. Lemr, and J. Soubusta, Experimental verification of time-order-
dependent correlations in three-qubit Greenberger-Horne-Zeilinger-class states, (in process of publication).

[4] Q. Chen, S. Yu, Ch. Zhang, C. H. Lai, and C. H. Oh, Test of Genuine Multipartite Nonlocality without
Inequalities, PRL 112, 140404 (2014).
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Abstract

We investigate experimentally temporal correlations of measurement outcomes on a qudit. We obtain
correlations violating bounds given for a qubit and use these correlations to certify a lower bound on the
qudit dimension. The qudit is encoded into hyperfine states of a single laser-cooled 171Y b+-ion trapped in
a segmented micro-structured linear Paul trap.

Spatial correlations between quantum systems are a thoroughly investigated topic and a growing number
of applications of spatial entanglement in quantum information science and quantum metrology has been con-
ceived. In comparison to spatial correlations, temporal correlations that appear in sequential measurements of
a quantum system are still a fairly fresh and up to recently a somewhat neglected field of research. As these
correlations depend on the quantum system’s dimension, a device-independent measurement scheme has been
devised that witnesses the dimension of the system through the violation of temporal inequalities [1]. Using
the hyperfine manifold of a single 171Yb+ ion stored in a micro-structured 3D linear Paul trap [2], we observe
temporal correlations between two consecutive measurements of hyperfine states and the violation of the above-
mentioned inequalities. This serves to certify a lower bound for the dimension of the qauntum system used
in these experiments [3]. Extending measurement sequences to length three, we demonstrate an even stronger
violation and show that the genuine temporal correlation scheme goes beyond the prepare-and-measure schemes.

[1] J. Hoffmann, C. Spee, O. Gühne and C. Budroni, New J. Phys. 20, 102001 (2018).

[2] P. Kaufmann, T. F. Gloger, D. Kaufmann, M. Johanning and Ch. Wunderlich, Phys. Rev. Lett. 120, 010501
(2018).

[3] C. Spee, H. Siebeneich, T. F. Gloger, P. Kaufmann, M. Johanning, Ch. Wunderlich, M. Kleinmann and
O. Gühne, arXiv:1811.12259v1 [quant-ph].
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Abstract

Highly-sensitivity measurements require low intrinsic noise within the apparatus. While technical noise
often can be actively controlled and thereby reduced, relative shot noise can be reduced by increasing the
laser power. Here, we demonstrate a novel alternative approach that circumvents technical noise sources
and improves the signal-to-shot-noise ratio without increasing the laser power. To benefit from the high-
frequency squeezing in our lab, we shift the signal of interest at kHz frequencies to the high MHz range.
This approach is relevant for applications in spectroscopy, e.g. trace gas detection where the gas may set a
limit for the laser power used.

In high-precision metrology, experiments rely on a sufficiently high signal-to-noise ratio. The tiny signals of
gravitational waves can only be detected because of the large effort in noise suppression beforehand and the high
laser power used in the interferometer to reduce the shot noise level. However, some applications set a limit on
laser power and those significantly benefit from noise reduction. Technical noise can generally be suppressed,
while the fundamental quantum shot noise can only be reduced by manipulating the quantum properties of
light. We report on a new method to increase the signal-to-noise ratio in spectroscopic experiments sensing
small kHz signals without increasing the laser power by using squeezed light.
In our experiment we built an optic parametric oscillator (OPO) operating below threshold at 1064 nm that has
a free spectral range (FSR) of 199.75 MHz. The OPO is held on resonance for the laser frequency and is seeded
with light phase modulated (PM) at 199.75 MHz. Equation 1 shows that the output variance in one quadrature
is reduced at every FSR of the OPO cavity [1]. The phase between seed and pump field can be locked in order
to generate phase or amplitude quadrature squeezed states. Particularly, we do not need a coherent frequency
shifted local oscillator for this lock [2].
The squeezed light is then sent to a high finesse Fabry-Pérot (FP) cavity that has the same FSR as the OPO
to sense tiny cavity length modulations simulating our signal of interest. This signal does not only appear at
the carrier frequency where technical noise sources might be present, but also at the PM sidebands around
199.75 MHz. The high-frequency quadrature spectrum can be measured with a local oscillator on a homodyne
detector installed behind the FP cavity.
The graph depicted in the figure shows the PM peak at
199.75 MHz and in addition the resolved cavity length mod-
ulation signal at ±40 kHz. This signal was originally masked
by shot noise, shown by the measurement in yellow. With our
method the signal becomes visible and can now be resolved
in the 3 dB reduced noise floor depicted by the red graph.
We use a phase modulated beam to frequency shift our signal
of interest to the high frequency regime, where we are not
affected by technical noise and still reach sub-shot-noise sen-
sitivity because of the applied squeezing. We conclude that
high-precision laser spectroscopy applications like cavity ring-
down spectroscopy or frequency-modulation spectroscopy can
benefit from our method. In particular, it appears to be very
promising for applications such as explosive trace gas detec-
tion where the specific gas sets a limit for the used laser power.

V ±
out(ω) =

�����
(κ ± χ)2 − ( 1−eiωτ

τ )2

(κ− 1−eiωτ

τ )2 − χ2

�����
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[1] A. E. Dunlop, E. H. Huntington, C. C. Harb, and T. C. Ralph, “Generation of a frequency comb of squeezing
in an optical parametric oscillator,” Physical Review A - Atomic, Molecular, and Optical Physics, vol. 73,
no. 1, 2006.

[2] H. Vahlbruch, S. Chelkowski, B. Hage, A. Franzen, K. Danzmann, and R. Schnabel, “Coherent control of
vacuum squeezing in the gravitational-wave detection band,” Physical Review Letters, vol. 97, no. 1, 2006.
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Abstract

We consider iterated quantum protocols with measurement-induced nonlinearity for qubits in the presence
of initial noise. We show that in the case where every pure initial state is chaotic, any noisy initial state
eventually converges to the completely mixed state. In another protocol, where the pure chaotic states form
a fractal, the complex dynamical behavior survives albeit some initial noise, even though the completely
mixed state is attractive. Furthermore, the border between convergence regions remains a fractal, and its
dimension is constant up to a critical amount of initial noise, where the dimension drops, analogously to a
phase transition.

In quantum information theory, the combination of unitary evolution, postselection based on measurement
results, and subsequent further manipulation provides a useful tool, e.g. for entanglement distillation. An
entangling gate and a subsequent measurement applied on a pair of qubits leads to a nonlinear transformation
as originally suggested by Bechmann-Pasquinucci, Huttner and Gisin [1]. The same scheme acting pairwise on
an ensemble of identically prepared systems in a pure quantum state may result in a postselected ensemble in
a nonlinearly transformed pure state. Iterating such nonlinear quantum state transformations may result in
strong dependence on the initial conditions and in complex chaos [2].

We study how initially present noise affects the dynamics in the case of a protocol (the so-called Lattès-type of
protocol) where all pure initial states on the Bloch sphere can be considered chaotic. In this case the completely
mixed state is an attractive fixed point of the dynamics induced by the protocol. Our numerical simulations
strongly indicate that initially mixed states all converge to the completely mixed state. This protocol is an
example, where gaining information from measurements and employing it to control an ensemble of quantum
systems enables us to create ergodicity, which in turn is destroyed by any initial noise [3].

We consider another protocol, where the pure chaotic states form a fractal stucture on the Bloch sphere, the
fractal being the border between regions of convergence. We show that the single-qubit dynamics may exhibit
sensitive, quasi-chaotic evolution not only for pure initial states but also for mixed states, i.e. the complex
dynamical behavior is not destroyed by small initial uncertainty. We show that the appearance of sensitive,
complex dynamics associated with a fractal structure in the parameter space of the system has the character
of a phase transition. The purity of the initial state plays the role of the control parameter and the dimension
of the fractal structure is independent of the purity value after passing the phase transition point. The critical
purity coincides with the purity of a repelling fixed point of the dynamics and we show that all the pre-images
of states from the close neighborhood of pure chaotic initial states have purity larger than this. Initial states
from this set can be considered as quasi-chaotic [4].

[1] H. Bechmann-Pasquinucci, B. Huttner and N. Gisin, Non-linear quantum state transformation of spin-1/2,
Phys. Lett. A 242, 198 (1998).

[2] T. Kiss, I. Jex, G. Alber and S. Vymětal, Complex chaos in the conditional dynamics of qubits, Phys. Rev.
A 74, 040301(R) (2006).

[3] O. Kálmán, T. Kiss, and I. Jex, Sensitivity to initial noise in measurement-induced nonlinear quantum
dynamics, Journal of Russian Laser Research, 39, 382 (2018).

[4] M. Malachov, I. Jex, O. Kálmán, and T. Kiss, Phase transition in iterated quantum protocols for noisy
inputs, Chaos, 29, 033107 (2019).
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Abstract

In this presentation we will study the problem of integrability of open quantum systems, in particular,
we will consider the Shifner-Erugin-Salakhova-Chebotarev type systems.

Unlike the closed systems, where the time-evolution is given by the von Neumann equation, the master
equation of an open quantum system on an n-dimensional Hilbert space H is generally written as

ρ̇t = L (t) ρt (1)

where ρt ∈ S (H) ⊂ B∗ (H). If L (t) = L is constant in time, then the closed form of the solution (linear evolution
operator) of this master equation is given by Φt = exp (Lt) (by assuming the initial time is t0 = 0). However, if
L (t) is time-dependent, then no general closed form of the solution is known, and we need to assume additional
conditions to solve the equation in closed forms. Famous integrable classes include (i) periodic systems [4],
(ii) functionally commutative systems [3, 4] (or the Lappo-Danilevsky systems [2]), and (iii) Wu’s systems [7].
In this presentation, we will forcus on another class, what we call the Shifner-Erugin-Salakhova-Chebotarev
systems [6, 1, 5].

Suppose the generator L(t) can be represented as

L(t) = P (t) + Q(t), (2)

where P (t), Q(t) satisfy the following conditions:

1. With continuous scalar functions µj , νj and constant operators Pj , Qj ,

P (t) =

p∑

j=1

µj(t)Pj , Q(t) =

q∑

j=1

νj(t)Qj ,

2. [Pj , Pk] = O, [Qj , Qk] = O for all j, k.

Then, the following statements are known to be equivalent:

• There exist φj (j = 1, . . . , p) such that [L0, [Qk, L0]] = O (∀k), where L0 =
∑p

j=1 φjPj has relatively
prime elementary divisors.

• The linear evolution operator for the equation (1) with the generator (2) can be represented as

Φt = eK(t)eD(t), (3)

and
[
K(t), K̇(t)

]
= O for all t, where

K(t) =

∫ t

0

eD(τ)L(τ)e−D(τ)dτ, D(t) =

∫ t

0

Q(τ)dτ.

A particular example is the equation such that the generator is given by L(t) = ν(t)P +µ(t)Q with [P, [Q, P ]] =
O, which was studied in [6, 1].

In this presentation, we will review Shifner-Erugin-Salakhova-Chebotarev type open quantum systems and
discuss how to compute the closed forms of the solutions.

References
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Abstract

We consider using a spatiotemporally correlated field produced by a superradiant quantum antenna
and measurements of delayed intensity correlation functions for super-resolving imaging. For estimating a
distance between a pair of objects, measuring the delayed second-order correlation function allows avoiding
”the Rayleigh catastrophe”. For estimating positions of a larger number of objects, measurement of the
delayed function is able to provide a considerable accuracy gain over the measurement with the zero-delayed
function. We show that super-resolution with the delayed function measurement can be also achieved for
estimating parameters of the antenna.

A possibility to drastically improve resolution of an object by illuminating it with correlated photons started
a novel subfield of research named ”quantum imaging”. Measuring simultaneous correlations of intensity fluc-
tuations, one can exploit photon correlations of the imaging source and significantly improve resolution in
comparison with the intensity detection. However, in this case also information loss unavoidable for direct
intensity detection eventually leads to the phenomenon known as ”the Rayleigh catastrophe”. When the details
of the imaged object become much smaller than the certain value defined by the wavelength of the imaging field
and parameters of the imaging set-up (for example, the ”Abbe limit”), the information about any individual
detail tends to zero making practically unfeasible inferring object parameters from the measured function.

Our statement is that the information sufficient for super-resolution might be retained simply by measuring
intensity correlations for different times implementing an imaging source with temporal and spatial correlations.
Such a measurement allows capturing time-correlations present in the imaging field and use them for avoiding
”the Rayleigh catastrophe”. We illustrate our statement with the simplest archetypical example of the source
creating pairs of both spatially and temporally correlated photons: just two initially excited two-level systems
interacting through a common reservoir of field modes and thus spontaneously decaying by photons emission
into the modes of the reservoir. The emitted field of such a basic superradiant quantum antenna in the far-field
zone serves as a source for imaging.

We consider four cases: a detection of a position change of our antenna, near-field imaging of several point
objects, far-field imaging of several point objects, and, finally, inference of emitters separation. We show that
for considered cases of imaging of just two objects, and also for inference of the emitters separation or antenna
rotation angle, measuring the delayed second-order intensity correlation functions leads to the non-zero Fisher
information when the parameters in question tend to zero. But this effect disappears when only the zero-delay
correlation function is measured. We show that for all the considered measurements apart form the inference
of emitters separation, the super-resolution can be rather robust with respect to uncertainty of the detection
moment. Finite time-resolution of realistic detectors is not spoiling super-resolution. For imaging of more than
two objects ”the Rayleigh catastrophe” is back, however, the resolution is much improved in comparison with
the measurement of zero-delayed correlation functions.
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Abstract

Mid-infrared (mid-IR) spectroscopy is a powerful technique to identify and monitor a vast range of
materials by their strong molecular transitions in this wavelength regime. Applicability, however, is techno-
logically hampered by poor detector performance and cost, and complexity of suitable light sources. Our
approach circumvents these limitations by using a nonlinear interferometer with non-degenerate broadband
downconversion photon pairs to probe our samples with the idler photons in the mid-IR, while only requiring
detection of the signal photons around 800 nm with a standard spectrometer. We present first results for our
mid-IR spectroscopy with undetected photons, which potentially offers a fast and cost effective alternative
to Fourier transform infrared spectroscopy.

Identification and analysis of materials like polymers, gases or biological tissues by mid-IR spectroscopy in
environmental and biomedical studies often relies on Fourier transform infrared spectroscopy (FTIR). However,
working in this wavelength range is challenging due to the high cost of bright and broadband light sources,
and the large noise and poor efficiency of IR detectors. Circumventing these difficulties, a different approach
using correlated light in nonlinear interferometers [1] was recently demonstrated with correlated, non-degenerate
photon pairs for the spectroscopy of CO2 [2, 3].

ppKTP
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OAPM

SPEC

DM
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SM

pump 660 nm
signal 781 – 818 nm
idler 3416 – 4260 nmpolymer or gas cell

b)

Figure 1: a) current setup, see text for details; b) first results for spectroscopy of a polystyrene (PS) testcard
in our setup and comparison to a FTIR reference spectrum of PS, shifted for clarity.

Here, we modify the approach of [2,3], implementing mid-IR spectroscopy with a standard NIR-Spectrometer
and a bespoke broadband photon source, improving spectral resolution and acquisition speed. In our setup
(Fig. 1a) a 660 nm continuous wave laser pumps a periodically poled Potassium Titanyl Phosphate (ppKPT)
crystal creating photon pairs with an estimated rate over the whole bandwidth (3.4 to 4.3 µm for idler) of
108 pairs/s. An off-axis parabolic mirror (OAPM) collimates the pump, idler and the signal without chromatic
aberration. Pump and signal are separated by a dichroic mirror (DM) from the idler photons, which probe the
sample. On the way back, the OAPM images all light back into the crystal. Thus photon pairs generated in the
first pass cannot be distinguished from pairs generated in the second pass and there is interference. Spectrally
dependant absorption in the idler leads to increased distinguishability and thus diminished visibly, from which
we can infer the absorption spectrum by measuring the spectrum of the signal photons (Fig. 1b). For this the
signal photons are measured with a standard spectrometer (SPEC), while the idler light is never detected. We
aim to further develop this scheme and demonstrate its usefulness for polymer analysis and gas spectroscopy,
with the goal to identify real-world applications, for which it may prove a fast and cost effective alternative to
established methods such as FTIR.

[1] M. V. Chekhova, and Z. Y. Ou, AOP 8, 104 (2016)

[2] A. Barh, C. Pedersen, and P. Tidemand-Lichtenberg, Opt. Lett. 42, 1504 (2017)
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Abstract

We present a statistical approach for the reference frame independent detection and characterization
of multipartite entanglement based on moments of randomly measured correlation functions. We start by
showing how the corresponding moments can be evaluated with spherical designs, thus linking methods from
both group and entanglement theory. Further on, we illustrated the strengths of the presented strategy in
various cases starting with two qubits and followed by more involved multipartite scenarios.

The experimental detection of multipartite entanglement usually requires a number of appropriately chosen
local quantum measurements which are aligned with respect to a previously shared common reference frame.
The latter, however, can be a challenging prerequisite for photonic free-space quantum communication over
distances of several hundreds of kilometers, which is currently in the process of being extended to space involving
satellites orbiting the earth [1]. Here, due to the motion, distance and number of involved satellites, the issue
of sharing classical reference frames becomes particularly challenging making the development of alternative
detection strategies desirable.

One possibility for avoiding the distribution of classical reference frames is to perform a number of local
measurements with settings distributed uniformly at random. From the latter one can infer the moments of the
corresponding randomly measured correlation functions, which in turn depend on the correlation properties of
the considered quantum state ρ. In order to predict the outcome of such an approach we regard a system of
N qubits and assume that the local measurement directions {un}n=1,...,N are chosen uniformly from the Bloch
sphere. In this scenario the corresponding moments read:

R(t) =
1

(4π)N

�

S2

du1 . . .

�

S2

duN �σu1
⊗ . . . ⊗ σuN

�tρ, (1)

where σui
denotes the Pauli measurement corresponding to the direction ui, dui = sin θidθidφi is the uniform

measure on the Bloch sphere S2, and t a positive integer.
Following the above framework we were able to show that an improved detection and characterization of

multipartite entanglement is possible by combining statistical moments of different order. To do so, we made use
of spherical designs which are pseudo-random processes allowing to link methods from group and entanglement
theory [2]. We further demonstrated the strengths of our approach in various cases starting with two qubits
where it allows for a complete characterization of Bell-diagonal states in terms of the first three non-vanishng
moments. Lastly, we turned to more involved multipartite scenarios and showed that a detection and also a
characterization of different classes of multipartite entanglement is feasible, as well [3].

In summary, we devised a framework for the reference frame independent detection and characterization
of multipartite entanglement based on moments of random correlations. This framework yields advantages
compared to previous approaches and has potential applications in the field of photonic free-space quantum
communcation.

[1] F. Flamini, N. Spagnolo, and F. Sciarrino, Photonic quantum information processing: a review, Rep. Prog.
Phys. 82, 016001 (2018).

[2] J. M. Renes, R. Blume-Kohout, A. J. Scott, C. M. Caves, Symmetric informationally complete quantum
measurements, Journal of Mathematical Physics 45, 2171 (2004).

[3] A. Ketterer, N. Wyderka, O. Gühne, Characterizing multipartite entanglement with moments of random
correlations, arXiv:1808.06558 (accepted in Physical Review Letters).
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Abstract
We rigorously study the temporal dynamics of single-photon emission from NV center in diamond under

electrical excitation. Using self-consistent optoelectronic simulations of the single-photon emitting diamond
diode, we show that NV center can almost immediately respond to a short rectangular electric pulse with a
delay of less than 50 ns.

Optical sources that deliver single photons on demand are essential for emerging quantum information
technologies. Color centers in diamond, being excited either electrically or optically, can be robust sources of
single photons at room temperature. Electrical excitation of these emitters would be more preferable in terms
of energy efficiency, integrability, and scalability. However, in spite of continuous research in this direction, the
potential of color center as electrically driven single-photon sources (SPSs) is still an open question.

Here, we present for the first time a rigorous study of the dynamics of single-photon emission of electrically-
pumped nitrogen-vacancy (NV) centers in diamond. Our dynamics studies comprise both the quantum corre-
lation among emitted photons (Fig. 1a) and response to an ultrashort electric pulse (Fig. 1b), since both of
these characteristics are vital for the development of on-demand SPSs. While in the case of optical excitation,
the color center can be equally represented by an isolated single-electron system, the process of single-photon
electroluminescence unavoidable involves the interaction of the color center with the crystal by means of the
electron and hole captures and releases [1–3]. We find that both of these processes are slower than the relaxation
of the excited state of the NV center, and thus their impact on the dynamics of single-photon emission is higher.
Surprisingly, the slower electron capture determines only the single-photon emission rate in the steady-state,
while the characteristic time of the second-order autocorrelation function is mostly determined by the faster
hole capture process (Fig. 1a). We also find that since the electroluminescence of the NV center from the
negatively-charged state is prohibited [1,2], the response of the pulsed SPS based on the NV center is also
determined only by the relatively fast hole capture process. The reason for this is that the NV center is in the
NV− charge state in the i-region of the diamond p-i-n single-photon emitting diode. Therefore, the NV center
first captures a hole and only after that it emits a photon [1,2]. Our self-consistent numerical simulations show
that the single-photon emitting diamond diode can respond to an ultra-short rectangular electric pulse with
a delay of less than 50 ns, which is comparable to radiative lifetime of the NV center. Such a short response
time gives the possibility to instantaneously generate single-photon pulses on demand regardless of the pulse
repetition rate.

Figure 1: (a) Evolution of the g(2) function with the current through the diode. (b) Simulated probability of
the first photon emission under pulsed excitation, the pulse duration is 13 ns.

[1] D. Yu. Fedyanin and M. Agio, Ultrabright single-photon source on diamond with electrical pumping at room
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Abstract

We present a quantum repeater scheme using individual Erbium and Europium ions. Entanglement
between distant erbium ions is created by photon detection. Entanglement is then transferred to nearby Eu
ions for storage. Gate operations between nearby ions can be performed using electric dipole-dipole coupling
in order to perform entanglement swapping and therefore to establish long-lasting entanglement between
distant ions. We describe preparation strategies that allow us to design quantum repeaters. We also propose
a multiplexed version of our scheme to enhance the entanglement distribution rate.

Entanglement distribution over long distances enables us to transfer information securely using quantum
repeaters across quantum networks. However, due to unavoidable transmission losses, the distances for an
efficient entanglement distribution via direct state transfer are limited to a few hundred kilometers. To overcome
this limitation, the use of a quantum repeater has been suggested.

Among different rare earth (RE) ions, erbium (Er) is attractive due to its well-known optical transition
(around 1540 nm) which is in wavelength window, where absorption losses in optical fibers are minimal. Eu-
ropium (Eu) is another RE ion that is attractive due to its long nuclear spin coherence time.

Motivated by these properties, we propose and analyze a quantum repeater protocol based on single RE
ions doped into a high finesse cavity [1]. First, we use Er ions to generate entanglement between the nodes of
an elementary link of length L0 by creating a local entanglement between the spin state and a spontaneously
emitted single photon for each ion and then detecting these emitted photons. Next, using control logic gates
between nearby ions within each crystal through the permanent electric dipole-dipole interaction, the quantum
state of each Er ion maps to its nearby Eu ion. Once entangled pairs are generated in neighboring links, we
perform a joint measurement on both ions at each intermediate node to distribute entanglement. As a result,
we have an entangled pair between the outer nodes.

We show that for a dipole interaction strength of Δν = 2π × 46 kHz corresponding to an Er-Eu separation
of about 6 nm, the CNOT gate time can be as small as TCNOT = 94 µs, and the fidelity of the gate would
be FCNOT = 0.986. We also calculate the success probability and the average time for the distribution of an
entangled pair over the entire distance.

Moreover, to significantly enhance the entanglement distribution rate, we propose to use a multiplexed
version of our protocol. More precisely, we consider an array of m cavities in which each cavity emits a photon
that features a distinguishable resonance frequency from the rest. In Fig.1, the performance of our scheme as
a function of distance is compared with the direct transmission of photons and the well-known DLCZ protocol
[2].

[1] Kimiaee Asadi, F., Lauk, N., Wein, S., Sinclair, N., O’Brien, C., and Simon, C. Quantum repeaters with
individual rare-earth ions at telecommunication wavelengths, Quantum 2, 93 (2018).

[2] Duan, L. M., Lukin, M. D., Cirac, J. I., and Zoller, P., Long-distance quantum communication with atomic
ensembles and linear optics, Nature 414, 413–418 (2001).
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Figure 1: The entanglement distribution rate as a function
of distance. Direct transmission scheme using a 10 GHz
single-photon source (E) is compared with original DLCZ
protocol (A) and our scheme (B) using 8 elementary links.
Also shown are the rates that correspond to the multiplexed
versions of DLCZ (C) as well as our scheme (D) with m =
100 using the same number of elementary links.
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Abstract

Quantum informational protocols involve coherent evolution, measurement, and postselection of qubits.
A typical example is entanglement distillation. The resulting conditional dynamics is nonlinear, in contrast
to the usual evolution of both closed and open quantum systems. Already the simplest types of such protocols
may result in rich, complex chaotic dynamics when applied iteratively.

State selective protocols, like entanglement purification, lead to an essentially non-linear quantum evolution,
unusual in naturally occurring quantum processes. Sensitivity to initial states in quantum systems, stemming
from such non-linear dynamics, is a promising perspective for applications. An important property of these
iterated dynamical protocols is that initially pure quantum states remain pure throughout the evolution. For
single-qubit systems, there is a one to one correspondence of the pure-state quantum dynamics to the iterated
dynamics of quadratic rational maps with one complex variable [1]. For two-qubit systems, LOCC operations
may lead to dynamics, where the evolution of entanglement is chaotic in the sense of crucially depending on
infinitely fine details of the initial state [2]. We present an example illustrating that chaotic behaviour is a rather
generic feature in state selective protocols: exponential sensitivity exists for all initial states in an experimentally
realisable optical scheme.

We prove that any complex rational polynomial map, including the example of the Mandelbrot set, can be
directly realised with measurement induced, iterated dynamics of qubits. In state selective protocols, one needs
an ensemble of initial states, the size of which decreases with each iteration. We prove that exponential sensitivity
to initial states in any quantum system has to be related to downsizing the initial ensemble also exponentially.
Our results show that magnifying initial differences of quantum states (a Schrödinger microscope) is possible;
however, there is a strict bound on the number of copies needed [3].

We propose a cavity quantum electrodynamical scenario for implementing a Schrödinger microscope capable
of amplifying differences between nonorthogonal atomic quantum states. The scheme involves an ensemble of
identically prepared two-level atoms interacting pairwise with a single mode of the radiation field as described
by the Tavis-Cummings model. By repeated measurements of the cavity field and of one atom within each pair,
a measurement-induced nonlinear quantum transformation of the relevant atomic states can be realized. The
intricate dynamical properties of this nonlinear quantum transformation, which exhibits measurement-induced
chaos, allow for an approximate orthogonalization of atomic states by purification after a few iterations of the
protocol [4].

As an example for applications, we consider the task of deciding whether an unknown qubit state falls in
a prescribed neighborhood of a reference state. We assume that several copies of the unknown state are given
and apply a unitary operation pairwise on them combined with a postselection scheme conditioned on the
measurement result obtained on one of the qubits of the pair. The resulting transformation is a deterministic,
nonlinear, chaotic map in the Hilbert space. We derive a class of these transformations capable of orthogonalizing
nonorthogonal qubit states after a few iterations. These nonlinear maps orthogonalize states which correspond
to the two different convergence regions of the nonlinear map. Based on the analysis of the border (the so-called
Julia set) between the two regions of convergence, we show that it is always possible to find a map capable of
deciding whether an unknown state is within a neighborhood of fixed radius around a desired quantum state
[5].
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Abstract

Light as a carrier of information and energy plays a fundamental role in both general relativity and
quantum physics, linking these areas that are still not fully compliant with each other. Usually the quantum
nature of light is described in the frequency domain. Even for broadband quantum states with a well-
defined carrier frequency a quasi continuous wave picture is still applicable. However, recent access to
subcycle quantum features of electromagnetic radiation promises a new class of time-dependent quantum
states of light. Paralleled with the developments in attosecond science, these advances motivate an urgent
need for a theoretical framework that treats arbitrary wave packets of quantum light intrinsically in the time
domain. Here, we formulate a consistent time domain theory of the generation and sampling of few-cycle
and subcycle pulsed squeezed states, leading to a relativistic interpretation in terms of induced changes in
the local flow of time. Our theory enables the use of such states as a resource for novel ultrafast applications
in quantum optics and quantum information.

The quantum nature of light possesses many astonishing properties rendering it a promising candidate
for applications in many fields such as quantum spectroscopy or quantum information processing. Recently,
electro-optic sampling was introduced as a new method to study these properties. This method allows for a
detection of the fluctuations of the bare vacuum without the need of amplification. In the corresponding setup
a few-femtosecond near-infrared probe pulse is sent through a thin electro-optic crystal where it mixes with the
vacuum field modes in the mid-infrared range, imprinting the characteristics of the mid-infrared fluctutations
on the signal [1, 2]. Furthermore, this technique is able to resolve the temporal profile of the variance of the
probed field with subcycle resolution. As a result, this technique enables the study of non-classical states of
light directly in the time domain. In a first step, it was possible to measure the time-resolved variance of a
squeezed electric field, generated in a thin nonlinear crystal with a second-order susceptibility [3]. The emergent
noise pattern consists of alternating intervals of squeezing and anti-squeezing.

We demonstrate theoretically that the quantum dynamics of the generated ultrabroadband squeezed light
transients from thin nonlinear crystals can be determined for certain characteristic shapes of the driving few-
cycle coherent waveforms and discuss the measuring process of these transients. Furthermore, the corresponding
analytical solution allows for an insightful interpretation of the the squeezing and anti-squeezing in terms of
induced changes in the local flow of time and resulting redistribution of the quantum fluctuations. We show
that this process can be connected to a broadband Bogoliubov transformation of the annihilation and creation
operators, resulting from both parametric down-conversion and frequency conversion processes [4]. We predict
that the conventionally observed asymmetry between squeezing and more pronounced anti-squeezing in the
temporal noise traces, resulting from the product character of Heisenberg’s uncertainty relation, can be reversed
in the studied ultrabroadband case. We argue that this phenomenon can be realized under realistic conditions
of the state-of-art experiments [5].

[1] C. Riek, D. V. Seletskiy, A. S. Moskalenko, J. F. Schmidt, P. Krauspe, S. Eckart, S. Eggert, G. Burkard,
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Abstract
We study non-local entanglement and macroscopic singlet state generation in a hot, strongly-interacting

atomic system by using quantum non-demolition (QND) measurement, and particularly, the Bayesian esti-
mation technique of Kalman filtering (KF) [1] to recover the spin information. By comparing the total spin
variance against spin squeezing inequalities [2], we observe 1.9 dB spin squeezing, and at least 1.5 × 1013

atoms have entered singlet state with entanglement bonds extending thousands of times the nearest-neighbor
distance. The results show that the hot, strongly-interacting media, now in use for extreme atomic sensing,
together with QND and KF techniques can operate beyond the standard quantum limit (SQL).

We work with a vapor of 87Rb contained in a glass cell with buffer gas to slow diffusion, and housed in
magnetic shielding and field coils to control the magnetic environment, see Fig. 1 a). The density is maintained
at nRb = 3.6 × 1014 atoms/cm3, and the magnetic field, applied along the [1, 1, 1] direction, is used to control
the Larmor precession frequency ωL/2π. At low ωL, the vapor enters the SERF regime, characterized by a large
increase in spin coherence time as shown in Fig. 1 b) with spin noise spectroscopy [3]. The KF provides both
a best estimate and a covariance matrix for the state variable, which gives an upper bound on the variances
of the post-measurement state. In particular, the total variation can be compared against spin squeezing
inequalities to detect and quantify entanglement. Fig. 1 c) shows the total variance including a transition to
squeezed/entangled states as the system enters the SERF regime.

Figure 1: Experimental Principle. a) Experimental setup. b) Spin noise spectra with different bias field
strengths. c) Spin variance |ΔF|2 versus Larmor frequency corresponding to the spectra in b). Black solid-line
shows the standard quantum limit (SQL). Round, diamonds and squares symbols show |ΔF|2 measured with
0.5 mW, 1 mW and 2 mW probe light, respectively.
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Abstract

Optical cavities allow to increase the sensitivity in quantum metrology, at a price of reduced detection
bandwidth. In some detectors, such as gravitational-wave observatories, this limits the access to important
physical regimes. We propose to overcome the bandwidth limitation by squeezing the quantum uncertainty
directly inside the detector cavity. We investigate, both theoretically and experimentaly, how the funda-
mental limits on sensitivity and bandwidth can be reduced by this aprroach in the presence of optical loss.
We propose a novel approach to expanding the detection bandwidth without affecting the peak sensitivity,
and demonstrate its effect in application to gravitational-wave detectors.

The advances in technology bring metrological devices into quantum regime, allowing to reach the shot
noise limited sensitivity. For example, optomechanical force-sensing devices are limited by the shot noise from
microscopic devices to the kilometer-scale gravitational-wave detectors. One of the conventional ways to further
increase the sensitivity is to use resonators for amplifying the interaction with the sensor. Their linewidth,
however, reduces the detection bandwidth, and the higher is the sensitivity enhancement, the narrower is the
bandwidth. This imposes a standard sensitivity-bandwidth limit on the detector’s sensitivity. This limit can
be overcome using the non-classical states of light, as stated the quantum Cramer-Rao bound (QCRB) [1].
Recently injection of quadrature squeezed light has become a common tool in the metrological experiments.
This approach, however, allows to lower the QCRB equally in a broad band, but doesn’t help to increase the
detection bandwidth.

Figure 1: (A) Internal squeezing cavity concept: a nonlinear crystal is placed inside the detector cavity. (B)
Auxiliary cavity for nonlinear crystal enables expansion of detection bandwidth. (C) Noise-to-signal ratio of
an auxiliary cavity detector (normalized to peak sensitivity): the baseline detector (magenta) is limited by the
cavity bandwidth; internal squezing allows to expand the bandwidth by generating internal squeezing (red).

We present an new approach for beating the standard sensitivity-bandwidth limit by generating squeezing
directly inside the detector cavity, see Fig.1A. We demonstrate the improvement experimentally [2], and inves-
tigate the benefits of the internal squeezing in the presence of external squeezing injection, which allows us to
explore the loss-induced limit to the sensitivity. We further propose to use internal squeezing to expand the
detection bandwidth. For that the nonlinear crystal can be placed in an additional optical cavity, which creates
the coupled-resonance structure, see Fig.1B. We apply this technique to the gravitational-wave detector design,
and predict significant bandwidth expansion, see Fig.1C.

In conclusion, we explore how squeezed light generated directly inside the detector cavity can benefit cavity-
enhanced devices in different regimes. We anticipate the internal squeezing approach to become a new versitile
tool in the toolbox of quantum metrology.
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Abstract

The ability to completely characterize the state of a quantum system is an essential element for the
emerging quantum technologies. Here, we present a compressed-sensing inspired method to ascertain any
rank-deficient qudit state, which we experimentally encode in photonic orbital angular momentum. We
efficiently reconstruct these qudit states from a few scans with an intensified CCD camera. Since it requires
only a few intensity measurements, our technique would provide an easy and accurate way to identify
quantum sources, channels, and systems.

In past years, we witnessed the emerging phenomena of quantum technologies for quantum computing,
quantum algorithms, quantum key distribution, etc. The orbital angular momentum (OAM) states of a single
photon is recognized as a preeminent platform for such applications. Although generation of photons with
OAM is relatively simple, the full characterization of a quantum state in the OAM Hilbert space still stands as
a challenging task. Even though there exist methods based on projective measurements, they works well only
in determining pure OAM states. The case of mixed state requires full state tomography and so projections on
arbitrary superpositions of two or more OAM eigenstates, which is still challenging. Our approach [1] incorpo-
rates the idea of compressed sensing, originally introduced in the context of quantum state tomography in work
[2] applied on a convenient measurement consisting with just few scans with intensified CCD camera Fig. (1).
In other words, one can use a very simple setup for a characterization of a quantum state, which is robust to
noise and informationally complete among low-rank quantum states.

Figure 1: Schematic of the experiment. The photonic state preparation and measurement are performed using
an SLM and ICCD camera. The ICCD camera has a fixed position and records intensity scans. Inset shows
the state and lens phase patterns, [0, 2), in a hue color
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Abstract

We present a novel way to generate polarisation-entangled photon pairs which is both, highly efficient and
simplistic in its experimental implementation. Consisting only of a single unidirectionally pumped nonlinear
crystal, our source is predestined for miniaturisation and photonic integration, as we show by presenting a
polymer-based integration methodology of this source.

Compact and efficient entangled-photon sources are of paramount importance for scalable and widely de-
ployed quantum-optics applications. The most common approach for generating photon pairs is based on
spontaneous parametric downconversion (SPDC), a process where a high-energy pump photon probabilisti-
cally decays into two lower-energy daughter photons (signal and idler) by interaction with a nonlinear optical
material. Until recently, the generation of collinearly propagating entangled photon pairs was based on a
superposition of paths [1] or on elaborate modifications of the crystal’s internal domain structure [2].

We present a novel way to generate collinear entangled photons pairs in a frugal experimental setup. Our
method is based on the quasi-phase-matching (QPM) technique where momentum conservation is satisfied by
periodic alternation of the nonlinear coefficient along the nonlinear crystal. The length of the periodic poling
domain Λ depends on the absolute value of the momentum mismatch Δk = kp−ks−ki, where kp,s,i is the pump,
signal and idler momentum, respectively. Since one poling periodicity Λ provides phase-matching for positive and
negative Δk, one periodically poled nonlinear crystal, pumped by a single laser, can emit two different photon
pairs at the same time: one with phase mismatch Δk and one with −Δk. We use this property to satisfy phase-
matching for two SPDC processes with same wavelengths but interchanged polarisations: λH+ = λV − and
λV + = λH− where λH+ (λV −) is the wavelength of the horizontally (vertically) polarised photon of the SPDC
process with positive (negative) phase mismatch. Our method thereby allows for entanglement generation by
unidirectionally pumping a single, uniformly poled nonlinear crystal, a setup with unparalleled simplicity.

A first experimental test of this method using a periodically poled KTP crystal underlined not only the
frugality of the setup but also its high brightness and entanglement visibility [3]. As a drawback, however,
the produced signal and idler wavelengths adhere to the material properties of the respective nonlinear crystal
and cannot be chosen arbitrarily. In order to augment the repertoire of possible wavelength configurations, we
performed an extensive numerical investigation of not only KTP but also four more exotic nonlinear materials
that allow for ferroelectric poling: CsTiOAsO4 (CTA), KTiOAsO4 (KTA), RbTiOAsO4 (RTA), RbTiOPO4

(RTP). Our search revealed a large number of promising experimental configurations [4].
So far, integration of (entangled) photon pair sources have either been based on χ(2) crystals with waveguides

or χ(3) processes in silicon nitride (SiN) or silicon on insulator (SOI) on photonic integrated chips (PICs). The
drawback of these realisations is that only a restricted number of optical components can be implemented and
more complex system require additional hardware located off the chip. The PolyBoard integration platform
is set to radically change the integration capabilities for quantum systems on a PIC by offering a hybrid
integration of bulk crystals with readily available optical and optoelectronic functionalities on a single chip.
In the UNIQORN project this micro-optical bench concept will be applied to χ(2) crystals, allowing for the
minituarisation of existing free-space optical setups. In addition to the design studies for our entangled-photon
source on the PolyBoard, we will also present preliminary results from the photonic-chip characterisation.

The UNIQORN project receives funding from the European Union’s Horizon 2020 research and innovation
programme under grant agreement No 820474.
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of Photon-Pair Generation in Periodically Poled MTiOXO4 (M=K, Rb, Cs; X=P, As), Phys. Rev. Appl.
8, 24035 (2017).

108



No-cloning bound and secure teleportation beyond Gaussian states

Jaehak Lee1,2, Jiyong Park3, and Hyunchul Nha2,1

1 School of Computational Sciences, Korea Institute for Advanced Study, Seoul 02455, Korea
2 Department of Physics, Texas A & M University at Qatar, P.O. Box 23874, Doha, Qatar

3 School of Basic Sciences, Hanbat National University, Daejeon 34158, Korea

Abstract

No-cloning theorem is a profound principle making quantum communication secure unlike classical pro-
tocols. While establishing the no-cloning bound (NCB) offers a crucial benchmark to assess ultimate security
in communication, the NCB for non-Gaussian states was largely unexplored. We establish the NCB for a
broad class of non-Gaussian states in an operationally motivated form and investigate its relation to quan-
tum non-Gaussianity (QNG), a notion to rule out mixture of Gaussian states. We show that NCB decreases
with QNG, but remarkably, the lower NCB does not mean an easier achievement of NCB in quantum com-
munications. We study the minimum resource to beat NCB in quantum teleportation showing that more
resource is required for states with higher QNG.

The no-cloning theorem states that unknown quantum states cannot be perfectly copied, implying that an
eavesdropper cannot obtain information on quantum states without disturbing them. In quantum communi-
cation, Bob the receiver can be assured of security if the output fidelity is above NCB [1]. The NCB can be
established by evaluating the highest fidelity achieved by the symmetric 1 → 2 cloning, which was studied
for different classes of states in finite dimensions. In continuous-variable (CV) systems, the NCB for coherent
states was widely studied [2], but the NCB for non-Gaussian states has not been addressed yet. It is of crucial
importance to broadly explore CV quantum states beyond Gaussian regime aiming at an enriched capacity of
quantum information processing. We here establish the NCB for quantum non-Gaussian states and study the
resource requirement to beat the NCB for secure communication.

To our aim, we define a set S|ψ� of unknown input states as composed of states obtained by displacing a given
state |ψ�, where the displacement is completely unknown over the whole phase space. For instance, |ψ� = |0�
(vacuum state) gives the set S |0� composed of coherent states. We first consider the set S |ψ�=|n� of displaced
Fock states (DFSs) with n = 1, 2, 3. We show that the symmetric cloner yielding NCB is fully characterized
by an ancillary two-mode state ρT , the resource state of cloner. The NCB for each n, F nc

n , can be evaluated

by obtaining the largest possible value of 1
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2 with quadrature operators x̂j and p̂j of jth mode. For the coherent-state input,
we obtain F nc

0 � 0.6826, as reported in [2]. By a full numerical calculation compared with semi-analytical
approach, we obtain F nc

1 � 0.5449, F nc
2 � 0.5145, and F nc

3 � 0.5033 decreasing with n.
We further study the resource required to achieve the NCB in CV teleportation exploiting a two-mode

squeezed state with squeezing parameter r as a resource state. We obtain the critical squeezing rc
n to beat the

NCB as rc
0 � 0.3829, rc

1 � 0.6949, rc
2 � 0.8960, and rc

3 � 1.044. The critical squeezing thus increases, which
means it becomes harder to achieve secure teleportation, with n.

We have further conducted investigation more broadly for other class of non-Gaussian states including the
superposition of Fock states and cat states, and investigated the behavior against the relative entropy of non-
Gaussianity δ, a well-defined measure of QNG for pure states. We overall find that NCB decreases with δ
but the required squeezing for secure teleportation increases with δ. To clarify the role of QNG beyond pure
non-Gaussian states [3], we have also investigated mixed non-Gaussian states, e.g. mixture of Fock states, which
broadly confirms the correlation between NCB and QNG.

[1] V. Scarani, S. Iblisdir, N. Gisin, and A. Aćın, Quantum cloning, Rev. Mod. Phys. 77, 1225 (2005); N.
J. Cerf and P. Grangier, From quantum cloning to quantum key distribution with continuous variables: a
review, J. Opt. Soc. Am. B 24, 324 (2007).

[2] N. J. Cerf, O. Krüger, P. Navez, R. F. Werner, and M. M. Wolf, Non-Gaussian Cloning of Quantum
Coherent States is Optimal, Phys. Rev. Lett. 95, 070501 (2005).

[3] J. Park, J. Lee, K. Baek, S.-W. Ji, and H. Nha, Faithful measure of Quantum non-Gaussianity via quantum
relative entropy, arXiv:1809.02999 (2018); F. Albarelli, M. G. Genoni, M. G. A. Paris, A. Ferraro, Resource
theory of quantum non-Gaussianity and Wigner negativity, arXiv:1804.05763 (2018); R. Takagi and Q.
Zhuang, Convex resource theory of non-Gaussianity, Phys. Rev. A 97 062337 (2018).
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Abstract

We propose a cooling scheme to break the oscillator cooling limit by an extra control field which is designed
by using optimized Lyapunov control theory. The results show that an ultraefficient cooling process can be
realized in our model without any limitation of the parameters. Both the cooling model and the control field
can be achieved by experiment easily. Our results also provide a promising platform for the observation of
mesoscopic quantum effect and precision probe.
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Figure 1: (a): Phonon number evolutions of target oscillator (blue) and auxiliary oscillator (green). The dotted
lines denote the steady state cooling limit of the target oscillator (red) and 3dB limit (black), respectively.
(b): Control field as a function of time t. The inset shows the local amplification of time of c(t). Here we set√

W/ω1 = 0.1 (blue, solid).

we proposed and analyzed a cooling scheme to break the cooling limit, and we found that an arbitrary
oscillator (even having a small frequency and low Q-factor) can be deep into the quantum regime from room
temperature with the help of an auxiliary dynamic dissipative cooling system. By using Lyapunov control theory,
we give the concrete form of control field after simulations. The results show that the control field in this model
is a square wave without high frequency oscillation. It can be realized easily by adding a square wave voltage to
the LC oscillator system[1][2]. Under this control field, the minimum phonon number of the target oscillator can
be reduced to N1 = 0.174,from the fig which is only 3% of the cooling limit. The optimized Lyapunov control
field ensures that the target oscillator can be cooled to this minimum phonon number quickly, which also reduces
simultaneously the heating effect of the environment effectively. We also find that the quantum cooling limit
is also be broken by setting nth = 0. Compared with the existing quantum cooling methods which can also
breakthrough the cooling limit, our protocol has the following advantages: (i). Unlike non-Markovian dissipative
cooling, the Lyapunov control can ensure that the “classical” part of the system is still in an asymptotic steady
state, which means that the classical phonon number (�b̂†b̂� − �b†b�) can be considered as a potential energy
shift and we do not need other mechanism to restrict it. (ii). The control field can adjust the BS process and
the parametric process automatically. Therefore, the rotating wave approximation is not necessary here and the
parameter constraints are further relaxed because we do not need to satisfy RWA condition. (iii). The optimized
Lyapunov control does not need auxiliary oscillator re-coupling to the optical field. To sum up, we believe our
scheme can provide a promising platform for the observation of mesoscopic quantum effect and precision probe.

[1] E.Verhagen, S.Delseglise, S. Weis, A.Schliesser, and T.J. Kippenberg, Nature, 482,63 (2012).

[2] T. A. Palomaki, J. W. Harlow, J. D. Teufel, R. W. Simmonds, and K. W. Lehnert,Nature, 495, 210 (2013).
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Abstract
Using an N -stage nonlinear interferometer scheme consisting of N pieces of nonlinear media with N − 1

pieces of dispersive media, photon pairs with near ideal modal purity and heralding efficiency are realized.

The availability of photon states with well-defined temporal modes and high heralding efficiency is crucial
for photonic quantum technologies. Tremendous efforts were spent through the years on generating photon
pairs with factorable joint spectral function (JSF). Many spectral engineering techniques have been deployed
by manipulating the dispersion of the nonlinear media [1]. While most were successful to some extend, many
are limited to the specific wavelengths of operation due to strict requirement on dispersion and phase matching
and are therefore lack of tunability.

Here we resort to a totally different approach in which we separate the nonlinear gain control from linear
dispersion engineering by using an SU(1,1)-type nonlinear interferometer (NLI). The NLI (Fig. 1(a)) achieves
quantum interference between the nonlinear interaction processes taken place in the nonlinear media (NMs), so
the outcome depends on the phases induced by the dispersive media (DMs). With a Gaussian-shaped pump,
the JSF of photon pairs at the output of an N -stage (N ≥ 2) NLI can be expressed as [2]

F
(N)
NLI(ωs,ωi) = exp

[
− (ωs + ωi − 2ωp0)

2

4σ2
p

]
× sinc

(
∆kL

2

)
× H(θ), (1)

with the modulation function H(θ) = 1 +
∑N−1

n=1 e2jnθ = sin Nθ
sin θ ej(N−1)θ, where ∆k is the wave vector mismatch

in the NMs each having a length of L, and θ = 1
2∆kL+ 1

2∆ϕDM with ∆ϕDM being the phase difference induced
by the DMs. H(θ) is similar to the interference factor of multi-slit interferometer in classical optics and can be
seen as a result of the two-photon quantum interference.

Using dispersion-shifted fibers (each of length 50 m) and conventional single-mode fibers (each of length 7
m) as the NMs and DMs, respectively, we simulate the JSFs for the non-NLI and NLI cases in Fig. 1(b). One
sees the JSFs for the NLI cases follows a quasi-periodically varying interference profile and exhibits some kind of
“islands” pattern due to the interference factor H(θ). If we carve out one island by using a proper dual-channel
filter, higher modal purity and collection efficiency can be achieved. We calculate the second-order intensity

correlation function g
(2)
s and heralding efficiency hs of the signal photons when both passbands of the signal and

idler filters have a common bandwidth of ∆λf . From Fig. 1(c), one sees the modal purity (g
(2)
s ) and heralding

efficiency of the NLI cases are significantly higher than that of the non-NLI case and close to the ideal value.
We experimentally test the two- and three-stage NLI schemes based on fiber system and the improvements

are confirmed. Our interferometric approach can also be applied to high gain situation for modal purity, thus
provides more flexibility in engineering quantum states.
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Figure 1: (a) N -stage nonlinear interferometer (NLI) scheme. (b) Calculated joint spectral function, (c) second-
order correlation function (modal purity) and collection efficiency for the Non-NLI and NLI cases.

[1] P. J. Mosley et al, Phys. Rev. Lett. 100, 133601 (2008).
[2] J. Su et al, arXiv:1811.07646 (2018).
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Abstract

We present a substantial increase in interaction strength between dipolar polaritons as the size of the
dipole is increased by tuning the applied gate voltage. Here, we use coupled quantum well structures
embedded inside a microcavity where coherent electron tunneling between the wells creates the excitonic
dipole. The factor of 6.5 increase in the interaction-strength-to-linewidth ratio that we obtain indicates that
dipolar polaritons could constitute an important step towards a demonstration of the polariton blockade
effect, and thereby to form the building blocks of many-body states of light.

Realization of a strongly interacting photonic systems is one of the essential issues in quantum optics.
In solid-state systems, exciton-polaritons in micro-cavities, consisting of a cavity photon and a quantum well
exciton, have interactions based on short-range exchange interaction between direct excitons. These interactions
have lead to manifestation of a number of intriguing collective phenomena such as formation of spontaneous
coherence, observation of vortex-antivortex pairs and dark solitons, and realization of polariton Josephson effect.
However, a mean field approach has been successful to describe all these observations accurately. Increasing
interactions between polaritons further is crucial to explore physics beyond mean-field description and to explore
a new regime of strongly correlated photons.

One way to enhance interactions between polaritons is to exploit polaritons with a permanent dipole moment.
In a coupled quantum well system, an indirect exciton which consists of an electron in one quantum well and a
hole in the other quantum well, has a permanent dipole moment along growth direction due to the separation of
electron and hole wave functions. By embedding a coupled quantum into a micro-cavity, dipolar polaritons can
emerge as elementary optical excitations when direct excitons in a quantum well are strongly coupled to both
micro-cavity photons and indirect excitons [See Fig. 1(a)]. A number of studies have shown that interactions
between polaritons can be enhanced by increasing the size of dipole moments of polaritons, or alternatively,
increasing the indirect exciton content.

In this presentation, I will report that interaction between dipolar polaritons are substantially increased
by increasing size of the dipole moment of the polaritons [1]. In our structure, one can tune the dipole size
of dipolar polaritons by tuning the applied gate voltage, which controls growth directional electric fields. We
observed factor of 6.5 enhancement in the interaction-strength-to-linewidth ratio [See Fig. 1(b)]. Based on the
results, we believe that dipolar polaritons could be used to demonstrate a polariton blockade effect and thereby
form the building blocks of many-body states of light.
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Figure 1: (a) Schematic of the sample structure. (b) Changes in polariton interaction strength gP as a function
of VG for linearly and circularly polarized input pump beams, respectively. See Ref. [1] for details.

[1] E. Togan, H.-T. Lim, S. Faelt, W. Wegscheider, and A. Imamoglu, Enhanced Interactions between Dipolar
Polaritons, Phys. Rev. Lett. 121, 227402 (2018).
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Abstract

Quantum key distribution (QKD) can ensure a information-theoretical-secure key between communica-
tion parties. Relayed by quantum satellites, a intercontinental quantum secure communication network can
be constructed to provide ITS protection for critical applications. Here, we report a novel high accurate
time synchronization (HATS) scheme for satellite-to-ground QKD systems. Based on the frequency spread
feature of synchronization laser, the HATS scheme can automatically adapting the relative delay between
the quantum satellite and ground stations. The HATS scheme is implemented with a 10 kHz beacon laser
in QKD between “Micius” and Graz ground station, which ensures a 1.1 ns coincidence window and the
established secure key rate is around 1 kbps.

Quantum key Distribution (QKD), based on quantum fundamental principles, can generate information-
theoretical-secure (ITS) keys for communication parties. In 2016, the Low-earth orbit quantum satellite (“Mi-
cius”) was successfully launched in China and the satellite-to-ground QKD was performed between “Micius”
and optical ground stations [1, 2, 3]. Relayed by quantum satellites, a intercontinental quantum secure commu-
nication network can be constructed to provide ITS protection for critical applications. In satellite-to-ground
QKD systems with low repetition frequency, time synchronization can be implemented with pulse-per-second
(PPS) signals assisted by the global position system (GPS) [4]. For high speed satellite-to-ground QKD systems,
Doppler shift during accurate time synchronization is difficult to be compensated only with PPS signals.

Based on the frequency spread feature of synchronization laser, we propose a novel high accurate time
synchronization (HATS) scheme for satellite-to-ground QKD systems, which can automatically adapting the
relative delays. With a 10kHz beacon laser, we implemented our HATS scheme in the decoy-state QKD between
“Micius” and Graz ground station, which ensures a 1.1 ns coincidence window and the established secure key
rate is around 1 kbps. With these secure keys, a “quantum safe” video conference was performed between the
Austrian Academy of Sciences and the Chinese Academy of Sciences [1].

[1] Liao S.-K., Cai W.-Q., Handsteiner J., Liu B., Yin J., Zhang L., Rauch D., Fink M., Ren J.-G., Liu W.-Y.,
Li Y., Shen Q., Cao Y., Li F.-Z., Wang J.-F., Huang Y.-M., Deng L., Xi T., Ma L., Hu T., Li L., Liu N.-L.,
Koidl F., Wang P., Chen Y.-A., Wang X.-B., Steindorfer M., Kirchner G., Lu C.-Y., Shu R., Ursin R.,
Scheidl T., Peng C.-Z., Wang J.-Y., Zeilinger A., Pan J.-W, Satellite-Relayed Intercontinental Quantum
Network, Physical Review Letters 120, 030501 (2018).

[2] Liao S.-K., Cai W.-Q., et al., Satellite-to-ground quantum key distribution, Nature 549, 43 (2017).

[3] Yin J., Cao Y., et al., Satellite-to-Ground Entanglement-Based Quantum Key Distribution, Physical Review
Letters 119, 200501 (2017).

[4] H. Takenaka, A. Carrasco-Casado, et al., Satellite-to-ground quantum-limited communication using a 50-
kg-class microsatellite, Nature Photonics 11, 502 (2017).
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Abstract
We performed decoy-state quantum key distribution (QKD) between a low-Earth-orbit satellite (Micius)

and optical ground station located in Graz, which established secure key with kHz rate. With the trusted
relay Micius, a secret key is created between China and Europe at locations separated by 7600 km on
Earth. Taking care of the finite-size-effects, we made a rigorous statistical fluctuation analysis on the secure
key generation procedure of the satellite-to-ground decoy-state QKD, performed between Micius and Graz
ground station. Setting the failure probability to ξ = 10−7 and the error correction efficiency to f = 1.35,
the secure final key rate is 1.01 kbps in our actual key extraction system.

Quantum key Distribution (QKD), based on quantum fundamental principles, can generate information-
theoretical-secure (ITS) keys for communication parties. We performed decoy-state quantum key distribution
(QKD) between a low-Earth-orbit satellite (Micius) and optical ground station located in Xinglong, Nanshan
and Graz, which established secure key with kHz rate [1, 2]. Then, upon request from the ground command,
“Micius” acts as a trusted relay. It performs bitwise exclusive OR operations between the two keys and relays
the result to one of the ground stations. That way, a secret key is created between China and Europe at locations
separated by 7600 km on Earth. These keys are then used for intercontinental quantum secured communication.
This was, on the one hand, the transmission of images in a one-time pad configuration from China to Austria
as well as from Austria to China. Also, a video conference was performed between the Austrian Academy of
Sciences and the Chinese Academy of Sciences. Relayed by quantum satellites, a intercontinental quantum
secure communication network can be constructed to provide ITS protection for critical applications.

Taking care of the finite-size-effects, we made a rigorous statistical fluctuation analysis on the secure key
generation procedure of the satellite-to-ground decoy-state QKD, performed between “Micius” and Graz ground
station. For one extraction procedure performed between “Micius” and Graz ground station on 26th June 2017,
the satellite sent out 6 × 109 pulses during 120 seconds, we received in total 546998 bits sifted key, the detailed
analysis result is shown in Table 1. Setting the failure probability to ξ = 10−7 and the error correction efficiency
to f = 1.35, the secure final key rate is 1.01 kbps in our actual key extraction system.

Table 1: Statistical fluctuation analysis for QKD between “Micius” and Graz ground station

T (s) Y0 Qz
1 Qx

1 Ez
µ Ex

µ eph,z
1 eph,x

1 Rf (bps)

120 4.3×10−6 6.3×10−5 6.1×10−5 1.34% 2.01% 9.87% 8.40% 1014.5

T is the effective time, Y0 is the yield for the vacuum states, Qi
1 is the gain of single photon, Ei

µ is the overall QBER, eph,i
1 is

the estimated single photon phase error rate, Rf is the final secure key rate. Here i = z or x, means “Z” basis or “X” basis.

[1] Liao S.-K., Cai W.-Q., Handsteiner J., Liu B., Yin J., Zhang L., Rauch D., Fink M., Ren J.-G., Liu W.-Y.,
Li Y., Shen Q., Cao Y., Li F.-Z., Wang J.-F., Huang Y.-M., Deng L., Xi T., Ma L., Hu T., Li L., Liu N.-L.,
Koidl F., Wang P., Chen Y.-A., Wang X.-B., Steindorfer M., Kirchner G., Lu C.-Y., Shu R., Ursin R.,
Scheidl T., Peng C.-Z., Wang J.-Y., Zeilinger A., Pan J.-W, Satellite-Relayed Intercontinental Quantum
Network, Physical Review Letters 120, 030501 (2018).

[2] Liao S.-K., Cai W.-Q., et al., Satellite-to-ground quantum key distribution, Nature 549, 43 (2017).
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Abstract

We report the first polarization-entangled photon-pair source with counterpropagating domain engineer-
ing. This results in a spontaneous parametric down conversion with 7.2 GHz inherent narrow bandwidth
at telecom wavelength, and enables deterministic polarization entanglement generation without two-photon
interference. The quantum state tomography shows a singlet state generation a fidelity of F=(95.91±0.61)%,
with a source brightness of 5.4×103/(GHz�mW�s). The Clauser–Horne–Shimony–Holt S-parameter is mea-
sured to be S = 2.720±0.039.

Polarization-entanglement [1] is the key resources for not only the fundamental quantum mechanics studies,
but also the quantum information technologies such as the quantum communication [2]. We experiment a
compact source of narrow-band counterpropagating polarization-entangled photon pairs in telecommunications
band using a periodically poled KTP waveguide. A Hong-Ou-Mandel interference [3] is measured with base-
to-base width of 155 ps, which corresponds to the spectral linewidth of 7.2GHz. A quantum state tomography
was performed and the fidelity between the experimental state and the ideal |->calculated is (95.91±0.61)%.
Violation of this inequality (S>2) is a direct proof of entanglement. Our measured result is which confirming
a strong violation of Bell inequality by 18.5 standards [4]. It improves that we have got the high quality
and narrow-band polarization-entanglement generation with counterpropagating domain engineering based on
a PPKTP waveguide.

In summary, we utilizing backward SPDC processes in a PPKTP waveguide to demonstrated a narrowband
polarization-entangled photon pair sources can be applied to quantum repeaters. Due to the principle of reverse
phase matching, signal photons are naturally separated from idler photons allows realization of naturally separate
of photon pairs, an interference-free device can be built. For photon sources to become practical in long distance
communication, it is important to reduce the complexity of experimental implementations.

[1] Z. H. Levine, J. Fan, J. Chen, and A. L. Migdall, Polarization-entangled photon pairs from a periodically
poled crystalline waveguide, Opt. Express 19, 6724 (2011).

[2] L.M. Duan, A. Kuzmich, H. J. Kimble, Long-distance quantum communication with atomic ensembles and
linear optics, Phys. Rev. A 67, 032305(2003).

[3] C. K. Hong, Z. Y. Ou, and L. Mandel, Measurement of Subpicosecond Time Intervals between Two Photons
by Interference, Phys. Rev. Lett 59, 2044 (1987).

[4] J. F. Clauser, M. A. Horne, A. Shimony, and R. A. Holt, Proposed Experiment to Test Local Hidden-Variable
Theories, Phys. Rev. Lett 23, 880 (1969).
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Abstract

We study the interaction of a hydrogen-like atom with the quantised electromagnetic field including the
often neglected Röntgen term. This term arises from electronic charge currents already in the atomic rest
frame since we do not consider a pointlike atom, but rather one with spatial extension naturally induced by
the atom’s wave function. We show that with the correct prescription the observable predictions are Lorentz
invariant. In particular, the results should be helpful in the study of arbitrary relativistic atomic trajectories
in the presence of light, including possible boundary conditions that yield Casimir-Polder forces.

In previous literature [1], a covariant description of the simplified scalar version of light-matter interactions
has been given. Here, we want to characterize realistic light-matter interactions in a similar fashion: Ensuring
the invariance of physical predictions, in particular in highly relativistic scenarios.

We will consider to that end a hydrogen-like atom that moves on an arbitrary relativistic trajectory in
external quantised electric and magnetic fields Ê and B̂. We shall start in the rest frame of the atom which
presents itself as the natural frame to describe the interaction. For if we assume the dipole approximation, one
can expect two terms to contribute: One is the dipolar coupling with the electric field, and the other one, often
neglected, is the interaction of the charge current created by the electronic motion (the nucleus’ motion will be
of much less importance in the rest frame) with the magnetic field. The interaction Hamiltonian in the atom’s
rest frame will be cast as

ĤI = d̂ · Ê +
P̂

2m
·
�
d̂ × B̂

�
+

�
d̂ × B̂

�
· P̂

2m
, (1)

where m is the electronic mass, P̂ is the momentum operator of the electron and d̂ = ex̂ is the dipole moment.
A similar form of the Hamiltonian in the lab frame has been found in for instance [2, 3, 4], where it was
assumed however that the atom is an electric dipole without accounting for the naturally smeared charge
distribution which can be shown to follow from the atomic orbitals. Indeed, by going to position representation
and expanding in the energy eigenbasis of the atom, the wave functions Ψ of the atom result in non-pointlike
charge distributions. The dipole moment has then a spatial smearing

F (ξ)kl = ξΨ∗
k(ξ)Ψl(ξ), (2)

where k, l denote the energy states, and ξ are the spatial coordinates in the atomic rest frame. Therefore, one
should expect that the Röntgen term already appears in this frame.

Since the time evolution generated by the Hamiltonian cannot depend on coordinate changes, i.e.

Û = T exp

�−i

�

�
dnξdτ ĥI(τ, ξ)

�
= T exp

�−i

�

�
dnxdtĥI(t, x)

�
, (3)

we have to impose restrictions on the Hamiltonian density ĥI in order to guarantee Lorentz invariance. We will
show as an example that transition probabilities are indeed Lorentz invariant if we impose (3).

[1] E. Martin-Martinez, P. Rodriguez-Lopez, Relativistic quantum optics: The relativistic invariance of the
light-matter interaction models, Phys. Rev. D 97, 105026 (2018).
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[3] L. Boussiakou, C. Bennett, M. Babiker, Quantum Theory of Spontaneous Emission by Real Moving Atoms,
Phys. Rev. Lett. 89, 123001 (2002).

[4] M. Sonnleitner, N. Trautmann, S. Barnett, Will a Decaying Atom Feel a Friction Force?, Phys. Rev. Lett.
118, 053601 (2017).
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Abstract

Discrete time quantum walks, realized in time-multiplexed architectures, are an essential tool to experi-
mentally study quantum transport phenomena. We have implemented the well-established time-multiplexing
scheme in a Michelson interferometer loop, in contrast to the standard Mach-Zehnder setup [1,2]. By ex-
ploiting the two different traveling directions in the loop in addition to the two possible polarizations of the
walker, we devise a four dimensional coin space for a one dimensional quantum walk.
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The dimensionality of the internal coin space of discrete-time quantum walks has a strong impact on the
complexity and richness of the dynamics of quantum walkers. While two-dimensional coin operators are sufficient
to define a certain range of dynamics on complex graphs, higher dimensional coins are necessary to unleash the
full potential of discrete-time quantum walks. Here we present an experimental realization of a discrete-time
quantum walk on a line graph that, instead of two-dimensional, exhibits a four-dimensional coin space. Making
use of the extra degree of freedom we observe multiple ballistic propagation speeds specific to higher dimensional
coin operators. By implementing a scalable technique, we demonstrate quantum walks on circles of various sizes,
as well as on an example of a Husimi cactus graph. Our theoretical analysis shows that the platform supports
implementations of quantum walks with arbitrary 4x4 unitary coin operations, and usual quantum walks on a
line with various periodic and twisted boundary conditions.

[1] A. Schreiber, K. N. Cassemiro, V. Potoček, A. Gábris, P. J. Mosley, E. Andersson, I. Jex, and Ch. Sil-
berhorn, Photons Walking the Line: A Quantum Walk with Adjustable Coin Operations, Phys. Rev. Lett.
104, 050502 (2010).

[2] A. Schreiber, A. Gábris, P. P. Rohde, K. Laiho, M. Štefaňák, V. Potoček, C. Hamilton, I. Jex, and Ch.
Silberhorn, A 2D Quantum Walk Simulation of Two-Particle Dynamics, Science 336, 55 (2012).

[3] L. Lorz, E. Meyer-Scott, T. Nitsche, V. Potoček, A. Gábris, S. Barkhofen, I. Jex, Ch. Silberhorn, A photonic
quantum walk with a four-dimensional coin, arXiv:1809.00591 [quant-ph]
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Abstract

Quantum Communication Protocols can realize a qualitative or quantitative advantage with surpringly
simple tools, such as linear optics and laser pulses. We will present recent advances made by our group in
this area.

Quantum Communication Protocols offer either qualitative advantages (Quantum Key Distribution) or
quantitative advantages (Quantum Communication Protocols like Quantum Fingerprinting). We can realize
such protocols resorting to tools that are readily available for implementation using simple tools like coherent
states (laser pulses) and linear optics. Translation tools have been developed [1,7]. I will outline the different
type of tasks that as a result can be translated this way, such as quantum fingerprinting [3,8], quantum scheduling
[4], Quantum Retrieval Games [5]. Quantum Finger Printing has been realized [6] and has been shown to have
quantum information complexity advantage [2]. This opens also the opportunity to explore topics in secure
multi-party computation, which offers to balance privacy and security aspects in our word. I also report our
investigations into Quantum Key Distribution that uses related tools [9]. Our goal is to drive research towards
delivering protocols with a quantitative advantage that can be practically implemented and that address a
real-world problem.

[1] Marwah, N. Lütkenhaus, Characterisation of Gram matrices of multi-mode coherent states , Phys. Rev.
A 99, 012346 (2019)

[2] J.M. Arrazola, D. Touchette, Quantum advantage on information leakage for equality, arXiv1607.07516
(2016)

[3] B. Lovitz, N. Lütkenhaus, Families of quantum finger printing protocols, Phys Rev A 97 032340 (2018)
[4] B. Lovitz, D. Touchette, N. Lütkenhaus, Practical quantum appointment scheduling, Phys Rev A 97

042320 (2018)
[5] J.M. Arrazola, M Karasamanis, N. Lütkenhaus, Practical quantum retrieval games, Phys Rev A 93

062311 (2016)
[6] Feihu Xu,Juan Miguel Arrazola, Kejin Wei, Wenyuan Wang, Pablo Palacios-Avila, Chen Feng, Shihan

Sajeed, Norbert Lütkenhaus, Hoi-Kwong Lo, Experimental quantum fingerprinting with weak coherent states,
Nature Communications 6, 8735 (2015)]

[7] J. M. Arrazola, N. Lütkenhaus, Quantum Communication with Coherent States and Linear Optics,
Phys. Rev. A, 90, 04233, (2014)

[8] J.M. Arrazola, N. Lütkenhaus, Quantum fingerprinting with coherent states and a constant mean number
of photons, Phys. Rev. A, 89, 062305 (2014)

[9] J. Lin, N. Lütkenhaus, Simple security analysis of phase-matching measurement-device independent
quantum key distribution, Phys. Rev. A 98, 042332 (2018)
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Abstract

Quantum capacities represent a central quantitative notion to evaluate the efficiency of a communication
channel to convey quantum information. We propose a method to detect lower bounds to quantum capacities
of a noisy quantum communication channel by means of few local measurements of complementary properties
and by avoiding full process tomography. We develop a similar procedure suited for entanglement detection of
bipartite systems and show how to construct optimal entanglement witnesses for two qubits.
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Abstract

We report on preparation of non-gaussian (oversqueezed) states of electronic spin of a highly magnetic
atom. Non-classical states are produced within the one-axis twisting Hamiltonian evolution induced by spin-
dependent light-shifts. Single magnetic sublevel resolution allows full characterization of the quantum state
and to quantity its sensitivity under small magnetic field variations. We demonstrate that the oversqueezed
state reaches an optimal sensitivity about half the Heisenberg limit and well above the sensitivity of the
squeezed state. The optimal sensitivity is reached at shorter evolution times (up to factor 5) than the time
of a fully entangle NOON state, which paves the way for future metrological measurements with enhanced
robustness against environmental noise.

In a quantum mechanical measurement, when one aims at detection of response of a quantum probe to
external impact, the result will always contain uncertainty, even if experimental conditions are perfect. The
uncertainty is manifested in quantum fluctuations of a measured quantity which are fundamentally non-zero [1].
Statistics allows reduction of uncertainty by a factor of

√
N , where N is the number of independent measure-

ments or a number of probes. Such scaling is known as the Standard quantum limit(SQL). The fluctuations
can be reduced with an entangled quantum state of the probe, leading to increase in precision [2]. The ultimate
limit of precision is known as the Heisenberg limit and constitutes scaling of N . There are different families of
quantum states which help to overcome the SQL, for instance, squeezed states. In the most common protocols
for the squeezed states, uncertainty can be reduced by a factor of N2/3 [3]. Such states are characterized by
gaussian quantum fluctuations. States with non-gaussian quantum fluctuations (oversqueezed ones) contain
high-order correlation, thus leading to a higher metrological gain [4]. However, accessing these correlations is
highly challenging since it requires to measure high-order statistical moments.

We use ultracold samples of atomic Dysprosium to study the magnetic-field sensitivity of gaussian and non-
gaussian quantum spin states, encoded for each atom in its electronic spin of size J = 8 – equivalent to a set
of 2J = 16 elementary spin-1/2 particles. We use spin-dependent light shifts to induce non-linear dynamics
described by the one-axis twisting Hamiltonian [3]: Ĥ = �χJ2

x . These dynamics generate gaussian squeezed
states at short times before the stretching of spin distribution leads to non-gaussian ‘oversqueezed’ states. Single
magnetic sublevel resolution (extracted by Stern-Gerlach experiment) gives us access to the magnetic sensitivity
hidden in non-gaussian quantum fluctuations, yielding a spectroscopic enhancement of 8.6(6) compared to the
SQL, consistent with the maximum sensitivity J + 1/2 expected for oversqueezed states and about half the
Heisenberg limit. The Heisenberg limit G = 16 could in principle be achieved using the maximally entangled
N00N state [5]; however, the required interaction time is much longer than the time of an oversqueezed state (up
to factor of 5). This makes the NOON state more fragile to decoherence. Oversqueezed states thus appear as a
compromise which superposes both enhanced robustness against environmental noise and enhanced sensitivity.

[1] : C. W. Helstrom, Quantum detection and estimation theory, J. Stat. Phys 1, 231 (1969).

[2] : C. M. Caves Quantum-mechanical noise in an interferometer, Phys. Rev. D 23, 1693 (1981).

[3] : M. Kitagawa and M. Ueda Squeezed spin states, Phys Rev A 47, 5138 (1993).

[4] : M. Gessener, A. Smerzi, and L. Pezzè Metrological Nonlinear Squeezing Parameter, arXiv:1811.12443
(2018).

[5] : T. Monz, P. Schindler, J. T. Barreiro, M. Chwalla, D. Nigg, W. A. Coish, M. Harlander, W. Hänsel, M.
Hen- nrich, and R. Blatt 14-Qubit Entanglement: Creation and Coherence, Phys. Rev. Lett. 106, 130506
(2011).
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Abstract

For a single-qudit system (N -level atom), we formally construct artificial subsystems and obtain analogs
of Bayes’ formula for the probability distribution of one random variable and the corresponding density
matrix.

In classical and quantum theories, the notion of correlations is introduced for systems without subsystems.
The states of classical systems (e.g., with two subsystems) are described by joint probability distributions
P (jk) of two random variables j and k, determining the marginal probability distributions Π(j) =

�
k P (jk)

and P(k) =
�

j P (jk), along with the conditional probability distributions Π(j | k), satisfying Bayes’ formula
P (jk) = Π(j | k)P(k). The correlations between two subsystems do not exist if P (jk) = Π(j)P(k), which is
expressed by entropic inequality for the mutual information. Analogously, for quantum states the correlations
do not exist if the state density operator ρ̂(j, k) = R̂(j) ⊗ r̂(k), where R̂(j) = Trk ρ̂(j, k) and r̂(k) = Trj ρ̂(j, k).

Our aim is to study correlations (called hidden correlations) existing for systems without subsystems. For
classical systems, the states are described by the probability distribution P (q) of one random variable q ↔ (j, k),
where q = 1, 2, . . . , N , j = 1, 2, . . . , n, k = 1, 2, . . . , m, and N = nm. We write an analog of Bayes’ formula for
the classical system with one random variable q ↔ (j, k). In the case N = 4, we employ the map of numbers
1 ↔ (1, 1), 2 ↔ (1, 2), 3 ↔ (2, 1), 4 ↔ (2, 2). Bayes’ formula written in terms of distribution P (1), P (2),
P (3), and P (4), provides, for example, the obvious identity since Π(1 | 1) and P(1) are given by the numbers

Π(1 | 1) =
P (1)

P (1) + P (2)
and P(1) = P (1) + P (3).

For qudit states, the density operator ρ̂(q) is bijectively mapped onto the density operator ρ̂(j, k), where two
artificial qudits are introduced. For example, the density operator of four-level atom can be mapped bijectively
onto the density operator of two qubits. In view of the map constructed, after obtaining an analog of Bayes’
formula for the classical system with one random variable, we are in the position to write a new information-
entropic inequality for single qudit states [1]. For example, we show that the ququart-state density 4×4-matrix
mapped onto the density matrix of two artificial qubits demonstrates hidden correlations expressed through
the violation of formal Bell’s inequalities, being given as some relations of matrix elements of the ququart-state
density matrix.

Since the density matrix of an arbitrary qudit state can be mapped onto a set of probability distributions
of classical-like random variables [1–3] or a single specific probability distribution of one random variable, the
new information-entropic inequalities for matrix elements of the qudit density matrix can be derived. These
inequalities can be checked experimentally using superconducting circuit devices based on employing Josephson
junctions.

Some new information-entropic inequalities for the states of systems in thermodynamic equilibrium are
obtained in [4].

[1] M.A. Man’ko and V.I. Man’ko, Properties of nonnegative hermitian matrices and new entropic inequalities
for noncomposite quantum systems, Entropy 17, 2876–2894 (2015); doi:10.3390/e17052876.

[2] M.A. Man’ko and V.I. Man’ko, Hidden correlations and entanglement in single-qudit states, J. Russ. Laser
Res. 39, 1–11 (2018); https://doi.org/10.1007/s10946-018-9683-7.

[3] M.A. Man’ko and V.I. Man’ko, From quantum carpets to quantum suprematism — The probability represen-
tation of qudit states and hidden correlations, Phys. Scr. 93, 084002 (2018); doi:10.1088/1402-4896/aacf24.

[4] J.A. Lopez-Saldivar, O. Castaños, E. Nahmad-Achar, R. López-Peña, M.A. Man’ko, and V.I. Man’ko,
Geometry and entanglement of two-qubit states in the quantum probabilistic representation, Entropy, 20(9),
630 (2018); doi:103390/e20090630.
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Abstract

The description of quantum states by fair probabilities (alternatives of the wave function) is reviewed.
The probability representation of systems of parametric interacting quantum oscillators describing electro-
magnetic fields, where the corresponding photon quantum states are identified with tomographic-probability
distributions (optical and symplectic), is presented. The case of f-oscillators is considered. New entropic-
information inequalities describing photon states are obtained.

The transition probabilities between parametrically excited electromagnetic-field mode states are expressed
as nonlocal overlaps of tomographic-probability distributions describing the states in terms of Frank–Condon
factors. The relation with the Wigner-function formalism is elucidated. Pure quantum states, e.g., of photons
in standard formulation of quantum theory are identified with wave functions or state vectors in a Hilbert space.
Since such a state description differs radically from classical description of states, the attempts to find other
representations like the phase-space representation provided the identification of states with Wigner functions,
Husimi functions, and Glauber–Sudarshan functions, which are the quasidistributions on the phase space.

It turns out that the development of quantum-tomography technique of measuring quantum states from the
viewpoint of theoretical studies gave the possibility to introduce [1] the description of states by fair probability
distributions like symplectic tomographic probability distributions or symplectic tomograms. The tomograms
w(X, µ, ν) are the probability densities of the homodyne quadrature X measured in an ensemble of the reference
frames in the phase space q and p, where the bases axes are rescaled (q → sq, p → s−1p) and then rotated using
local oscillator phase θ, i.e., µ = s cos θ, ν = s sin θ, X = µq + νp. The measurable optical tomogram w(X, θ) is
symplectic tomogram for s = 1.

The Wigner function and the density operator of photon states are determined by the tomographic-probability
distributions; an analogous description was elaborated for qubit (spin-1/2) states [2–4], where the state is iden-

tified with three probability distributions 1 ≥ p1, p2, p3 ≥ 0, satisfying the inequality
�3

j=1(pj − 1/2)2 ≤ 1/4.
Three numbers pj are the probabilities to have the spin projection m = +1/2 on the axes x, y, z.

The aim of this talk is to review the probability description of photon states for the systems with non-
stationary Hamiltonians, which are generic quadratic forms of the creation and annihilation operators. The
fidelity, being the probability given by the Born rule p12 = Tr (ρ̂1 ρ̂2), is shown to be expressed in terms of

tomograms as p12 =
1

2π

�
w1(X1, µ, ν) w2(X2,−µ,−ν)ei(X1+X2)dX1 dX2 dµ dν, which for the pure stare is a

new expression for Frank–Condon factors used in molecular spectroscopy. Also we describe the properties of
the state of nonlinear f-oscillator introduced in [5] associated with photon fields by the probability distributions
and obtain new entropic inequalities; one of them that can be checked experimentally reads

−
�

w(X, θ, t) ln w(X, θ, t) dX −
�

w(X, θ + π/2, t) ln w(X, θ + π/2, t) dX ≥ ln(πe).

We summarize our results by the following statement: Quantum states can be identified with probability
distributions and quantum observables, with analogs of classical-like random variables.

[1] S. Mancini, V.I. Man’ko, and P. Tombesi, Symplectic tomography as classical approach to quantum systems,
Phys. Lett. A 213, 1–6 (1966).

[2] V.I. Man’ko, G. Marmo, F. Ventriglia, and P. Vitale, Metric on the space of quantum states from relative
entropy. Tomographic reconstruction, J. Phys. A: Math. Theor. 50, 335302 (2017).

[3] V.N. Chernega, O.V. Man’ko, and V.I. Man’ko, Triangle geometry of the qubit state in the probability
representation expressed in terms of the Triada of Malevich’s Squares, J. Russ. Laser Res. 38, 141–149
(2017).

[4] M.A. Man’ko and V.I. Man’ko, New entropic inequalities and hidden correlations in quantum suprematism
picture of qudit states, Entropy 20(9), 692 (2018).

[5] V.I. Man’ko, G. Marmo, E.C.G. Sudarshan, and F. Zaccaria, f-oscillators and nonlinear coherent states,
Phys. Scr. 55, 528–541 (1997).
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Abstract

In the present work we reconsider from another perspective the standard setting of an input pure one-
mode state evolving in contact with a thermal bath described by the quantum optical master equation which
is precisely of the Lindblad type. We are here interested in an explicit evaluation of the speed of quantum
evolution under this specific master equation which is known to be exactly solvable. We comment on the
various approximate treatments of quantum evolution by comparison to the present exact evaluations.

Recently, a lot of work was dedicated to the evaluation of bounds on the speed of quantum evolution for
different types of dynamics with both pure and mixed state input: unitary evolution, open and multipartite
systems. This is an issue of great interest in some areas of quantum information science, such as quantum
computation, quantum metrology, and quantum control as we learn from the recent survey [1]. An insightful
derivation of the time-energy uncertainty relation by Mandelstam and Tamm [2] can be considered as the
precursor of all research regarding quantum evolution. Thus, for a quantum system governed by a time-
independent Hamiltonian Ĥ, the time of evolution between two orthogonal states was found to be bounded

by the energy spread ΔH =

�
�Ĥ2� − �Ĥ�2. More recently, however, Margolus and Levitin [3] found that

a characteristic time of the system can be related to the average energy �Ĥ� in the initial state. Ar major
development was recently achieved with the generalisation of the quantum speed limit to open systems. Taddei
et al [4] found an expression in terms of the quantum Fisher information, del Campo et al [5] bounded the rate
of change of the relative purity for both Markovian and non-Markovian systems. Deffner and Lutz [6] derived
geometric generalizations to open systems of both limits known for unitary evolutions, the Mandelstamm-Tamm
bound as well as the Margolus-Levitin one. Geometric quantum speed limits are derived as upper bounds on
the rate of change of a geometric measure of distinguishability. For a system initially prepared in a pure state,
and then left to evolve under open Markovian dynamics, a practical indicator of its decoherence could be the
rate of change of its purity. A treatment based on this quantity was proposed recently in Ref.[7].

Specifically, we here consider a single-mode field in a pure state whose coupling to environment is governed
by the quantum optical master equation. We evaluate the characteristic times of quantum evolution according
to the treatments in Refs.[5] and [7] and compare them to the exact values resulting from the relative purity
and purity respectively, obtained by solving the master equation. Explicit analytical solutions are given for
two iconic non-Gaussian states: the Fock state |M� and a definite quantum-mechanical superposition of two
coherent states, namely an even coherent state.

[1] M. R. Frey, Quantum speed limits–primer, perspectives, and potential future directions, Quantum Inf.
Process. 15, 3919 (2016).

[2] L. Mandelstam, I. Tamm, The uncertainty relation between energy and time in nonrelativistic quantum
mechanics, J. Phys. (USSR) 9, 249 (1945).

[3] N. Margolus and L. B. Levitin, The maximum speed of dynamical evolution, Physica D 120, 188 (1998).

[4] M. M. Taddei, B. M. Escher, L. Davidovich and R. L. de Matos Filho, Quantum speed limit for physical
processes, Phys. Rev. Lett. 110, 050402 (2013).

[5] A. del Campo, I. L. Egusquiza, M. B. Plenio, and S. F. Huelga, Quantum speed limits in open system
dynamics, Phys. Rev. Lett. 110, 050403 (2013).

[6] S. Deffner and E. Lutz, Quantum speed limit for non-Markovian dynamics, Phys. Rev. Lett. 111, 010402
(2013).

[7] R. Uzdin and R. Kosloff, Speed limits in Liouville space for open quantum systems, Europhys. Lett. 115,
40003 (2016).
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Abstract

The Quantum Research CubeSat (QUARC) is a proposal to offer secure quantum key distribution (QKD)
communication from a 6U nanosatellite platform. Due to the relatively low cost for CubeSats compared
to traditional, large satellite platforms, the scope to deploy a large number of platforms and offer greater
coverage, would mitigate some of the risk associated with poor performance due to cloud cover. In this work,
we present the results of our analysis in terms of key provision and the results of a preliminary hardware
development to support future in-orbit demonstration.

Quantum communication from space overcomes the range limitations of fibre-based and free space-based
methods and enable intercontinental distribution of secure keys. Satellites may also allow the distribution of
entanglement for more general quantum communication and networking tasks that will form the backbone
for a global quantum internet [1]. However, developing such systems can be expensive, requiring extended
development and risk minimization, especially using traditional space engineering approaches as for the recent
Micius mission [2] and [3]. The recent NewSpace revolution offers an alternative path to developing and deploying
space systems that is characterized by rapid and iterative design cycles, easier access to space (through rideshare
or microlaunch), and enhanced capability of small satellite platforms, nanosatellites in the 1-10 kg range of which
the most popular is the CubeSat. The CubeSats standard, established 20 years ago, enjoys large and growing
commercial support with more than a thousand successful launch a large component supplier and launch services
ecosystem with advanced systems becoming increasingly available.

CubeSats can play two main roles in satellite QKD [4], [5] and [6]. The first is the rapid test and in-
orbit demonstration of components and technologies. This has previously been shown with the CQT SPEQS
payload on the NUS Galassia CubeSat, soon to be joined by a follow-up SpooqySat mission [6]. Secondly, with
advanced in both quantum optical payloads and platform systems, CubeSats may themselves be able to provide
user services. A large constellation of many CubeSats could provide low-latency, wide-area coverage for low
data rate secure applications, potentially augmenting or complementing the services of larger satellite systems.

Here, we describe recent UK efforts to utilise CubeSats for the development of space quantum commu-
nications components, sub-systems, and eventually services and present results from the QUARC (Quantum
Research CubeSat) project to develop a downlink QKD system based on a 6U CubeSat. Main development
priorities include low size, mass, and power (SWaP) acquisition, pointing, and tracking (APT) systems en-
gineering and mission analysis, and performance characterization. An APT system based on conventional
off-the-shelf (COTS) components, including a MEMS micromirror, CMOS camera, and microcontrollers has
been demonstrated that will be compatible with the stringent SWaP constraints of a CubeSat. This has been
integrated into the payload design incorporating a compact transmission telescope and high speed quantum
signal source. Mission analysis of a QKD CubeSat constellation has also been conducted for securing national
critical infrastructure. We have estimated the monthly key rates incorporating meteorological data, hardware
characterization and orbital parameters. We are also developing network models for optimization of key delivery.

[1] S. Pirandola, et al., Unite to build a quantum internet. Nature, 532, 169, 2016.

[2] S.-K. Liao, et al., Satellite-to-ground quantum key distribution. Nature, 549, 43, 2017.

[3] J.-G. Ren, et al., Ground-to-satellite quantum teleportation. Nature, 549, 70, 2017.

[4] D, K. L. Oi, et al., Nanosatellites for quantum science and technology. Contemporary Physics, 58, 1, 2017.

[5] D. K. L. Oi, et al., Cubesat quantum communications mission. EPJ Quantum Technology, 4, 1, 2017.

[6] R. Bedington, et al., Progress in satellite quantum key distribution. npj Quantum Information, 3, 1, 2017.
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Abstract

Under a number of experimental conditions, especially for communication in multiparty quantum net-
works, the relative measurement directions fluctuate and are hard to calibrate. Yet, even with absolutely
random measurements one can still gain information about the state and its entanglement. Here we extend
previous attempts and perform numerical as well as experimental analysis of the performance of the method.
From detailed distributions of measurement outcomes and their correlations different types of multipartite
entanglement are identified making our method useful for entanglement verification in the presence of noise.

Entangled particles exhibit quantum correlations over arbitrary long distances in time and space which
cannot be mimicked by local realistic models. A variety of schemes for experimentally characterizing quantum
states have been devised. However, these are often experimentally demanding in terms of stability and insen-
sitivity against noise. Standard methods such as state tomography and Bell tests will fail to reliably detect
quantum correlations in the presence of unknown local perturbations to the measuring apparatus, as consecutive
measurements must be co-ordinated via a shared choice of measurement basis, i.e. a shared reference frame.
So called reference frame independent schemes overcome this difficulty [1,2], however, even these schemes fail
when the choice of local measurement setting is not repeatable.

Several recent papers theoretically address detection of quantum entanglement in the last and most unre-
stricted scenario [3,4,5]. Here we extent these results gaining information about the entanglement structure of
the state. We experimentally implement reference free, random measurements on multi-qubit states from dif-
ferent entanglement classes and detect distributions of measured correlations. We provide theoretical witnesses
of genuine multipartite entanglement that are solely based on easily deducible second moments of the observed
distributions. Even more information about the entanglement class of a multiparty state can be obtained from
the analysis of higher order moments of full and marginal distributions as we will analyse from our data.
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Figure 1: a) Concept of the random measurement scheme without reference frames. A source produces a state
of four particles on which unknown rotations act on. All parties perform measurements in (Haar-)randomly
chosen bases. b) Experimental results for four qubit GHZ state, full and marginal correlations.
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042336, (2014).
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Abstract

We analyse a system of two interacting spin-qubits subjected to a Landau-Majorana-Stuckelberg-Zener
(LMSZ) ramp. We show that LMSZ transitions of the two spin-qubits are possible without an external
transverse static field thanks to the coupling between the spin-qubits. We show how such a physical effect
could be exploited to estimate the strength of the interaction and to generate entangled states of the spins
by appropriately setting the slope of the ramp. Moreover, effects of the coupling parameters on the time-
behaviour of the Entanglement as well as effects stemming from the presence of a classical noise are analysed.

We considered [1] a physical system of two interacting spin-1/2’s whose coupling consists in the anisotropic
exchange interaction. Moreover, each of them is subjected to a local field linearly varying over time. The
C2-symmetry (with respect to the quantization axis ẑ) possessed by the Hamiltonian allowed us to identify
two independent single spin-1/2 sub-problems nested in the quantum dynamics of the two spin-qubits [2]. This
fact gave us the possibility of decomposing the dynamical problem of the two spin-1/2’s into two independent
problems of single spin-1/2. In this way, our two-spin-qubit system may be regarded as a four-level system
presenting an avoided crossing for each pair of instantaneous eigenenergies related to the two dynamically
invariant subspaces. This aspect turned out to be the key to solve easily and exactly the dynamical problem,
bringing to light several physically relevant aspects.

We showed that, although the absence of a transverse constant field, LMSZ transitions of the two spins are
still possible. Such transitions occur thanks to the presence of the coupling between the spins which plays as
effective static transverse field in each subdynamics.

Considering the STM (Scanning Tunneling Microscopy) scenario [3], that is when one local field is applied
on just one spin, we showed the possibility of 1) a non-local control, that is to manipulate the dynamics of
one spin by applying the field on the other one and 2) a state exchange/transfer between the two spins. We
brought to light how such effects are two different replies of the system depending on the isotropy properties of
the exchange interaction.

It is worth the fact that each subdynamics is characterized by different combinations of the coupling pa-
rameters. Indeed, this aspect has relevant physical consequences since by studying the transition probability
in the two subspaces, it is possible to estimate the strength of the interaction terms ruling the dynamics of
the two-spin system. We brought to light how such an estimation could be of relevant interest since, through
this knowledge, it is possible to set the slope of variation of the LMSZ ramp as to generate asymptotically
entangled states of the two spin-1/2’s. Moreover, we analysed the exact time-behaviour of the Entanglement
for different initial conditions and how the coupling parameters can determine different Entanglement regimes
and asymptotic values.

Finally, we emphasized how our symmetry-based analysis results useful also to get exact results when a
classical random field component or non-Hermitian terms are considered to take into account the presence of a
surrounding environment interacting with the system. In this cases, the dynamics decomposition is unaffected
by the presence of the noise or the dephasing terms and then we may apply the results previously reported for
a two-level system [4] and reread them in terms of the two spin-1/2’s.

[1] R. Grimaudo, N. V. Vitanov and A. Messina, Coupling-assisted Landau-Majorana-Stuckelberg-Zener tran-
sition in two-interacting-qubit systems, arXiv:1812.06506v1.
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Abstract

We present a qubit quantum buffer based on a polarization-independent optical delay loop. The buffer
stores photonic qubits with greater than 99 % average fidelity for up to 200 ns, 88 % for 1 µs, and efficiency
of 93.5% per 13 ns round-trip. We use the buffer to interfere subsequent photons, showing non-classical
Hong-Ou-Mandel interference with photons created up to 400 ns apart.

Time is a useful and often employed degree of freedom for optical quantum information processing. Temporal
multiplexing of light has enabled near-deterministic single-photon sources [1, 2], large-scale quantum walks [3],
and enormous entangled states [4, 5]. Here we demonstrate a polarization-qubit quantum buffer, suitable for the
time-multiplexed interference of entangled photons, which shows competitive performance with state-of-the-art
quantum memories [6]. This will be useful in quantum communication networks, where photons must be locally
synchronized with other photons for example for entanglement swapping. We also show that the buffer directly
allows Hong-Ou-Mandel interference between temporally separated photons; the only modification required is
in the software that controls the switching sequence.

The polarization-entangled source and quantum buffer are pictured in fig. 1(left). The source is pumped
with a Ti:Sapphire laser of 76MHz repetition rate, giving a chance to produce a photon pair every 13 ns. When
a pair is produced, one photon is directly detected, which sends a signal to the buffer to store the partner
photon. We measure the buffer’s storage efficiency and process fidelity to the identity in the qubit subspace,
finding process fidelity above 95 % for up to 30 roundtrips. Finally we show in fig. 1(right) Hong-Ou-Mandel
interference with visibility >50 % between photons created up to 400 ns apart.

Figure 1: (left) Source of entangled photon pairs (red) and time-multiplexing quantum buffer (blue), which
uses a delay loop, retro-reflective arm, and Pockels cell to store, release, and interfere photons. The photon
detections from the source tell the buffer when to activate, and depending on the switching pattern, qubit
storage or Hong-Ou-Mandel interference can be implemented. The visibility of Hong-Ou-Mandel interference
(right) agrees with our model of the asymmetric losses, and is limited by multi-pair emission: at low pump
power and short storage times the visibility reaches 94 %.
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Abstract

We explore the possibility of the entanglement detection in continuous variable systems by entanglement
witnesses based on covariance matrices (CMs), constructible from random homodyne measurements. We
propose a set of stronger linear constraints characterising the entanglement witnesses, and use them in a
semidefinite programme providing the optimal entanglement test for given random measurements.

For continuous variable systems it can be defined a special instance of entanglement witness, which embodies
the entanglement criterion in terms of the variances of the canonical observables of the state [1, 2].

We study the efficiency of the entanglement detection for general random (unknown) two-mode CMs. The
semidefinite optimization code using stronger constraints for the witness provides the optimal entanglement test
for a given number of homodyne measurements. Starting with few random measurements, if the optimization
does not confirm the presence of entanglement, then additional random measurements are performed. For every
105 random entangled CMs the number of measurements required for entanglement detection is recorded, and
for every value of entanglement the data are binned such that they sum up to one (see the picture below). With
low probability our method would require more than 10 measurements for entanglement detection in two-mode
CMs.
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Abstract

We report on the theory and experimental verification of a novel approach to the problem of estimating
the statistics of photons emitted from an unknown source of light. In particular, we investigate two types of
detection systems, based on photon-number resolved single photon detectors and spatial multiplexing with
four bucket detectors.

There are many applications of quantum photonics technologies, which require a strictly defined number of
photons for their correct working. However, realistic sources of light are imperfect and the number of photons
generated by them in a single pulse can be governed by various probability distributions. Precise characterization
of a given source is therefore an essential condition for its reliable utilization in practice. Unfortunately, also the
detection systems that can be used for this task in realistic situation are imperfect. Due to this fact, the number
of photons emitted in a single pulse typically corresponds to the number of clicks registered in a detection system
in non-trivial way. In effect, the estimation methods for the probabilities of emitting different number of photons
often rely on precise measurement of several quantities and are unstable to the statistical fluctuations. This
means that a slight change in the measured values can lead to a dramatic change in the calculated probabilities.
Moreover, multipixel detectors, which offer decent photon-number resolution, are usually plagued by significant
level of crosstalk, further complicating precise characterization of photon sources [1, 2, 3].

Here we present a novel approach to the problem of estimating the statistics of photons emitted from an
unknown source of light by utilizing a detection system based on spatial multiplexing of four on/off single-photon
detectors [4]. To this end we derive a set of analytical formulas that can be used to estimate the probabilities
of producing up to four photons by the source. We also calculate the error bounds and show that the obtained
formulas are relatively stable to the statistical fluctuations. To test it we perform numerical simulations of a
spontaneous parametric down-conversion (SPDC) source in realistic situation. Assuming that the relative errors
of all the quantities that should be measured in experiment are within 2%, we demonstrate that the expected
photon statistic is recreated correctly with errors for the probabilities of emitting one, two and three photons
smaller than 3%, 7% and 15% respectively. Furthermore, we show how the relevant parameters of the detection
system can be estimated by using a single-mode SPDC source with unknown intensity of the generated light.

The method can be implemented using standard on/off detectors or multipixel ones. The results of our work
have several applications including phase estimation utilizing multiphoton interference effects [5] and quantum
optical coherence tomography [6]. They may be also used in the analysis of the number of luminescent color
centers located in diamonds [7].

[1] S. Jahanmirinejad, G. Frucci, F. Mattioli, D. Sahin, A. Gaggero, R. Leoni, A. Fiore, Photon-number
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O. Minaeva, G. Gol’tsman, K. G. Lagoudakis, M. Benkhaoul, F. Lévy, A. Fiore, Superconducting nanowire
photon-number-resolving detector at telecommunication wavelengths, Nat. Photonics 2, 302 (2008).
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centers in diamond nanocrystals, Phys. Rev. B 91, 035308 (2015)

129



Quantum simulation of partially distinguishable boson sampling

Alexandra E. Moylett1,2,3 and Peter S. Turner1,2

1 Quantum Engineering Technology Labs, University of Bristol, BS8 1FD, UK
2 Quantum Engineering Centre for Doctoral Training, University of Bristol, BS8 1FD, UK

3 Heilbronn Institute for Mathematical Research, University of Bristol, BS8 1SN, UK

Abstract

Boson Sampling is the problem of sampling from the same probability distribution as that output by
indistinguishable single photons travelling through a linear interferometer. There are a number of challenges
faced by Boson Sampling experiments, including the generation of indistinguishable single photons. We
show how distinguishabililty leads to decoherence in the standard quantum circuit model.

Boson Sampling is proposed as a quantum experiment that is easy to implement but hard to classically
simulate. It was famously shown that classically sampling from n indistinguishable photons output from an m-
mode linear optical interferometer is hard, modulo several conjectures [1]. This has led to significant interest and
experimental demonstrations. However, outperforming classical simulation is difficult [2], and any advantage
will also need to consider experimental challenges such as photon distinguishability.

Here we consider Boson Sampling with partially distinguishable photons via first quantisation. When photons
are indistinguishable, this is akin to constructing a symmetric state over (Cm)⊗n, which can be done efficiently
via the Schur transform [3], followed by applying U⊗n where U ∈ U(m) describes the interferometer. This in
shown in Figure 1 with the second quantisation equivalent, which is the standard picture for linear optics. With
distinguishability, the state is symmetric on the space of (Cm×n)⊗n, with the extra dimensions accommodating
the relative distinguishability of the photons. We can decompose this into two registers (Cm)⊗n⊗ (Cn)⊗n, trace
out the distinguishability register (Cn)⊗n, and then apply the interferometer transformation.

This shows how distinguishability and can be modelled as decoherence in a quantum circuit, arising from
entanglement between registers. This paves the way for applying research in decoherence and quantum error
correction to Boson Sampling, which will allow us to elicit how much distinguishability we can tolerate in linear
optics, as well as how such distinguishability can be mitigated through, for example, postselection.

[1] Scott Aaronson and Alex Arkhipov, The computational complexity of linear optics, In Proceedings of the
Forty-third Annual ACM Symposium on Theory of Computing, STOC ’11, pages 333–342 (2011).

[2] Alex Neville, Chris Sparrow, Raphaël Clifford, Eric Johnston, Patrick M. Birchall, Ashley Montanaro, and
Anthony Laing, Classical boson sampling algorithms with superior performance to near-term experiments,
Nature Physics, 13,1153––1157 (2017).

[3] Dave Bacon, Isaac L. Chuang, and Aram W. Harrow, The quantum Schur and Clebsch-Gordan transforms:
I. efficient qudit circuits, In Proceedings of the Eighteenth Annual ACM-SIAM Symposium on Discrete
Algorithms, SODA ’07, 1235–1244 (2007).
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Figure 1: Boson Sampling as described in (1a) second and (1b) first quantisation. USch represents the Schur
transform, Z is a measurement in the qudit basis, and S & S� are the input and sampled output occupation
numbers, respectively.
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Abstract
We present for the first time a complete theoretical description of the temporal correlation of the signal-

idler pair and the signal-signal-idler photon correlation of two photon pairs from a triply-resonant OPO. The
theoretical results match exactly our measurements of two and triple coincidences from our SPDC source.

Spontaneous parametric down-conversion (SPDC) in a non-linear crystal is a commonly used photon source
in many quantum optical experiments. The SPDC process generates two photons, called signal and idler, with
strong temporal and frequency correlation. These can be exploited for applications in quantum technology,
such as quantum cryptography [1] or quantum interfaces [2]. The latter often requires matching the photon
properties to specific optical transitions in different physical systems, e.g. semiconductor quantum dots on the
one hand and alkali gas cells on the other. This can be achieved by placing the non-linear crystal in a cavity, i.e.,
realizing an optical parametric oscillator (OPO). The cavity then determines the frequency and time correlation
of the generated photons. Surprisingly, the time correlation in the triply-resonant (signal, idler and pump)
scenario is described in the literature only for special configurations [3].

We derived a theory of the temporal correlation of the signal-idler pair and the signal-signal-idler photons
of two photon pairs based on the emitted spectrum of a triply-resonant OPO, pumped far below threshold.
Two and triple coincidence measurements of our type-II SPDC source [4] verifies our theory very well. To
measure the signal-signal-idler correlation (see Figure 1), we have to equally split up the signal photons to
detect them individually and herald them with the idler photons. We utilized superconducting single photon
detector (SSPD) with very high temporal resolution to reveal most correlation features.
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Figure 1: Signal-signal-idler correlation. Δt1 (Δt2) is the time difference between detecting an idler photon and
a signal photon at SSPD1 (SSPD2). Signal photons without any correlation to the detected idler photon cause
the stripes. The spacing between the stripes correspond to the round-trip time in the cavity.
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Abstract

Despite the simplicity of the interaction between atomic transitions and quantized cavity modes, the
multiphoton structure of the spectrum is not well explored. In this work, we present results of numerical
simulations of steady-state multiphoton cavity transmission spectra of strongly coupled two- and three-level
atoms and a quantized optical cavity mode in parameter space where dipole and rotating wave approxima-
tions are valid (i.e., κλ � g � (ωa,ωc)) using up to 30 dressed states. We show, in stark contract to the
usual results of semi-classical models, existence of a very rich multiphoton spectral structures.

We consider a driven, Λ type three level atom one of whose transitions is resonantly coupled with a quantized
cavity mode. The total Hamiltonian of the system has the form

H = �Δca
†a+ �Δ1σ31σ13 + �(Δ1 −Δ2)σ21σ12 + �(gσ31a+ Ωσ32 + η +H. c.) (1)

where Δi = ω31 − ωl (i = 1, 2) and Δc = ωc − ωl are the detunings of the atomic transitions and the cavity
mode from the external driving frequency; and g and Ω are couplings between the atomic transitions and the
cavity the free-space modes; and η the strength of the driving external. The density matrix of the system obeys
the master equation

ρ̇ = − i
� [H, ρ] + 1

2κLcρ+
1
2

2�

j=1

γ3jLjρ (2)

where κ and γ3j are the cavity field and excited state decay rates and

Lcρ = 2aρa† − a†aρ− ρa†a (3)

characterizes the cavity damping whereas

Laρ = 2σj3ρσ3j − σ3jσj3ρ− ρσ3jσj3 (4)

characterizes the atomic decay into lower states |j� (j = 1, 2).
We compute the transition spectrum of two-level-cavity system (by setting Ω = 0) as well as well as the

three-level-cavity system (where Ω �= 0) at a various levels of driving field strength. Figure 1 (a) shows the
transmission spectrum of the system under a various driving field conditions. The two sets of peaks on each
side of Δc corresponding to multiphoton transitions between the ground state and higher level dressed states.
Figure 1 (b) corresponds the results of semiclassical calculation under same conditions. On the other hand,
Figure 2 (a) shows the transmission spectrum of the three-level atom-cavity system under moderate driving
field conditions. Figure 2 (b) corresponds to the semiclassical calculation under the same conditions.

[1] M. O. Musa and H. Temimi, Comparison of semiclassical and quantum models of a two-level atom-cavity
QED system in the strong coupling regime, submitted to Journal Modern Optics.
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strongly interacting with a quantized cavity mode, manuscript in preparation.
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Abstract
We propose a long-distance quantum communications protocol based on multiphoton bipartite entan-

glement and photon-number-resolving detection, which shows remarkable robustness to high transmission
losses and offers near-maximally entangled states in realistic implementations.

Distribution of photonic entanglement is a key element in building secure long-distance quantum commu-
nications networks [1], but becomes easily corrupted by losses in the transmitting channels. Amplification of
quantum signals is impossible [2], therefore alternative remedies are on high demand, e.g. quantum repeaters [3]
or satellite quantum communications [4]. However, their resource-efficient, verifiable and well suited to the
existing quantum-photonic technology implementation remains an open problem.

In Ref. [5] we present a protocol (Fig. 1a) that uses multiphoton bipartite entanglement and photon-number-
resolving detection to establish entanglement distribution. We need two sources of two-mode squeezed vacuum
from which the idler modes are sent towards a satellite carrying an entangling Bell measurement station. Because
of the primary photon-number correlations between the signal and idler modes in each source, the two signal
modes from Alice and Bob become entangled after the measurement. The amount of shared entanglement is
uniquely parametrised by the measurement outcomes, k and S−k, and is close to maximal.

We computed the logarithmic negativity of the output state in realistic scenarios (Fig. 1b). Our protocol
shows robustness to arbitrarily high symmetric losses in the idler modes. However, a reasonable imbalance
lowers the entanglement negativity only by a small amount. We also prove that losses scale down the efficiency
of the protocol, but not its quality, which was considered exclusive to single-photon technology. In contrast,
losses in the signal modes spoil the created entanglement but these can be overcome in a delayed-choice scheme.

A Bell test on the whole ensemble of the prepared states can be performed without sampling them. The
detection loophole is closed with highly efficient detectors paving the way to a genuine loophole-free Bell test [6].

To summarise, we propose an alternative to the existing solutions in the field of long-distance quantum
communications. Our setup exhibits robustness to arbitrarily high transmission losses, ability of choosing local
dimension of the generated entangled state and the possibility of performing a loophole-free Bell test.
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Figure 1: a) Setup. b) Logarithmic negativity as a function of detector readouts. d1,2 denote detection efficiency.
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Abstract

We report on a new entity authentication protocol for physical keys that are materialized by optical
multiple-scattering media. The protocol exploits standard wavefront-shaping techniques, and homodyne
detection, while a key is accepted or rejected based on its response when probed by randomly selected
coherent states of light. We discuss the security of the protocol against cloning as well as against quantum
adversaries and emulation attacks.

Entity authentication (sometimes also referred to as identification) is an important cryptographic task, in
which one party (the verifier) obtains assurance that the identity of another party (the claimant) is as declared,
thereby preventing impersonation. Typically, entity authentication relies on one of the following techniques:
(i) something that the claimant knows (e.g., a secret password or numerical key); (ii) something that the
claimant possesses (e.g., a physical token or card); (iii) something inherent (e.g., biometrics). Most of the
entity authentication protocols (EAPs) used in everyday tasks (e.g., transactions in automatic teller machines,
purchases, etc), rely on dynamic challenge-response mechanisms which combine techniques (i) and (ii). In such
mechanisms, after the user types in the correct numerical key (PIN), the smart card is challenged with random
numerical challenges, and the verifier checks if the responses of the card are valid.

Conventional EAPs are not totally immune to card-cloning, while they are susceptible to emulation attacks,
in which an adversary knows the challenge-response properties of the smart card (e.g., by hacking the database of
challenge-response pairs), and his task is to intercept each numerical challenge during the verification stage, and
send to the verifier the expected response. Currently, optical physical unclonable keys (PUKs) are considered to
be the most promising candidates for the development of highly secure EAPs. Such PUKs are materialized by
an optical multiple-scattering disordered medium, and they are considered to be unclonable, in the sense that
their cloning requires the exact positioning (on a nanometre scale) of millions of scatterers with the exact size
and shape, which is considered to be a formidable challenge not only for current, but for future technologies as
well. Typically, a PUK-based EAP relies on a challenge-response mechanism, in which the PUK is interrogated
by light pulses (probes) with randomly chosen parameters, and acceptance or rejection of the PUK is decided
upon whether the recorded responses agree with the expected ones. Although, in general, PUK-based EAPs
are more robust against cloning than conventional EAPs, they are still vulnerable to emulation attacks when
challenges pertain to classical light, and the verification set-up is not tamper-resistant.

We report on a quantum-optical EAP in which a PUK is interrogated by random coherent quantum states of
light, and the quadratures of the scattered light are analyzed by means of a coarse-grained homodyne detection.
The response of the PUK to a quantum state (challenge) is sensitive to the internal disorder of the PUK, which
makes our protocol collision resistant, and robust against cloning. Moreover, the security of our protocol against
an emulation attack relies on the laws of quantum physics, which do not allow unambiguous discrimination
between non-orthogonal quantum states, while information gain cannot be obtained without disturbing the
quantum state under interrogation. Implementation of the protocol relies on standard wavefront-shaping and
homodyne-detection techniques, and it is within reach of current technology.

[1] G. M. Nikolopoulos and E. Diamanti, Continuous-variable quantum authentication of physical unclonable
keys, Scientific Reports 7, 46047 (2017).

[2] G. M. Nikolopoulos, Continuous-variable quantum authentication of physical unclonable keys: Security
against an emulation attack, Physical Review A 97, 012324 (2018).

134



Practical Authenticated Quantum Teleportation and Anonymous

Transmission

Simon Neves1, Anupama Unnikrishnan2,
Iordanis Kerenidis3, Damian Markham1, and Eleni Diamanti1

1 LIP6, CNRS, Sorbonne Université, 75005 Paris, France
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Abstract
In this work, we are interested in the design and implementation of advanced quantum communication

protocols in a cryptographic context, in particular of Authenticated Quantum Teleportation and Anonymous
Transmission. We present practical protocols for achieving these tasks, which include verification procedures
of the initial entangled resource, hence enabling to bound the success probabilities of such protocols. We
also discuss progress towards their experimental implementation.

Quantum Teleportation [1] has raised a lot of interest in the past decades, as it ensures long-distance qubit
transmission. Combined with multipartite entanglement, it also enables the Anonymous Transmission of a
qubit in a network, as was initially described by Christandl and Wehner [3]. Indeed, multipartite entangled
states, such as GHZ states, provide anonymous Bell pair distribution between a sender and a receiver, and
anonymous broadcast of classical bits; such resources therefore enable Quantum Teleportation while preserving
the anonymity of the sender and the receiver.

In this work, we design protocols for practical Quantum Teleportation and Anonymous Transmission, in
realistic experimental conditions. We use first the self-testing method [4] in order to authenticate the measure-
ments and Bell pairs in the Quantum Teleportation protocol. In this way, we can derive bounds on the success
probability of the teleportation in different settings, namely the one-sided or fully device independent settings.

Furthermore, we build an experimentally accessible Quantum Anonymous Transmission protocol by defining
the notion of ε−anonymity : A protocol ensures ε−anonymity if dishonest parties can guess the identity of the
sender and/or the receiver with a probability of 1

k + ε at most, where k is the number of honest parties. The
protocol ensures perfect anonymity as long as ε = 0. Our protocol combines the Christandl-Wehner protocol
with a verification protocol, which tests an untrusted source of GHZ states in the presence of dishonest parties
[5]. Using this verification procedure, we can ensure a certain fidelity of the generated states with respect to the
expected GHZ state. This allows us to certify the security of our ε−anonymous protocol, where ε is bounded
depending on this fidelity.

Finally, we address the central element of our experiments tailored for the implementation of these protocols,
namely our source of entangled pairs of photons, which is based on a PPKTP crystal in a Sagnac interferometer.
Our source is designed for telecom wavelength emission of the generated pairs and high spectral purity to ensure
high quality GHZ-state generation [6], while we also use a temporal multiplexer [7], to increase the protocol
repeatability.

[1] C. H. Bennett, G. Brassard, C. Crépeau, R. Jozsa, A. Peres, and W. K. Wootters, Teleporting an unknown
quantum state via dual classical and Einstein-Podolsky-Rosen channels, Phys. Rev. Lett. 70, 1895 (1993).

[2] D. Bouwmeester et al., Experimental quantum teleportation, Nature 390, 575-579 (1997).

[3] M. Christandl and S. Wehner, Quantum Anonymous Transmissions, Advances in Cryptology - ASI-
ACRYPT, 217-235 (2005).

[4] D. Mayers and A. Yao, Self testing quantum apparatus, Quantum Information and Computation, vol. 4,
no. 4 (2004).

[5] W. McCutcheon, A. Pappa, B. A. Bell, A. McMillan, A. Chailloux, T. Lawson, M. Mafu, D. Markham, E.
Diamanti, I. Kerenidis, J. G. Rarity, and M. S. Tame, Nature Communication 7, 13251 (2016).

[6] R.-B. Jin, R. Shimizu, K.Wakui, H. Benichi, and M. Sasaki, Widely tunable single photon source with high
purity at telecom wavelength, Optics Express, vol. 21, no. 9, 10659 (2013).

[7] C. Greganti, P Schiansky, I. A. Calafell, L. M. Procopio, L. A. Rozema, and P. Walther, Tuning single-
photon sources for telecom multi-photon experiments, Optics Epress, Vol. 26, No. 3, 3286 (2018).
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Abstract
We present an experimental platform enabling time-multiplexed photonic quantum walks with non-

classical input states. It harnesses parametric down-conversion (PDC) states from an engineered source
which are fed into a fibre-network where fast optical switches allow for a coin operation as well as controlled
losses that are position-dependent. We report on the optimisation of the input modes’ indistinguishability
and experiments that probe this parameter. We discuss the suitability of the architecture for multi-photon
experiments.

Quantum walks (QW) extend the concept of the classical random walk to the evolution of a quantum me-
chanical wave function. An experimental setup operating with coherent input states initialised in a single mode
[1] already allows for the investigation of a wide range of phenomena, including percolation [2], topological
effects [3, 4, 5] or measurement-induces effects [6]. However, a quantum system in the most general sense may
involve multiple quantum particles in separated input modes.
In order to experimentally implement such a system, suitable in principle for linear optical computing or boson
sampling, we advance the well-established time-multiplexing platform based on fibre loops to incorporate PDC
input states (see Figure 1).

Figure 1: Sketch of the setup implemented for quantum walks with non-classical input states.

The visibility of the interference between input modes depends on their indistinguishability, which is sensitive
to a wide range of experimental parameters. By conducting time-multiplexed HOM-interference experiments,
we probe the parameter space and optimise along various dimensions: For example, we engineer the spectral
characteristics of the source to approximate single-modeness in the Schmidt basis and minimise dispersion in
the fibre loop, stabilise the temporal spacing of different modes and ensure homogeneous losses.

[1] A. Schreiber et al. Photons Walking the Line: A Quantum Walk with Adjustable Coin Operations. Physical
Review Letters, 104(5):050502, February 2010.

[2] F. Elster et al. Quantum walk coherences on a dynamical percolation graph. Scientific Reports, 5:13495,
August 2015.

[3] S. Barkhofen et al. Measuring topological invariants in disordered discrete-time quantum walks. Physical
Review A, 96(3):033846, September 2017.

[4] S. Barkhofen et al.. Supersymmetric Polarization Anomaly in Photonic Discrete-Time Quantum Walks.
Physical Review Letters, 121(26):260501, December 2018.

[5] T. Nitsche et al. Eigenvalue Measurement of Topologically Protected Edge states in Split-Step Quantum
Walks. arXiv:1811.09520, November 2018.

[6] T. Nitsche et al. Probing measurement-induced effects in quantum walks via recurrence. Science Advances,
4(6):eaar6444, June 2018.
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Intermediate state spectroscopy using correlated photons is a technique that aims at obtaining spectroscopic
information about the intermediate states of a dipole forbidden transition. In contrast to standard laser spec-
troscopy techniques, intermediate state spectroscopy with entangled photons allows to retrieve information of
the atomic system without changing the wavelength of the light source and using a broadband source of photons.
The information of the intermediate states is relevant not only as an interesting spectroscopic tool, but also to
selectively excite specific energy levels in an atom or a molecule opening possibilities for the next generation of
chemical and biological technologies.

The information of the intermediate states can be access by measuring the entangled two photon absorption
(ETPA) cross section [1], when a time delay is introduced between the two photons that are send to the sample
and performing a two-dimensional Fourier analysis of it [2]. It has been theoretically demonstrated that the
possibility to obtain information of intermediate states depends on the entanglement time [3, 4] and spectral
shape of the frequency correlations of the absorbed photons [5] that governs the ETPA process.

In this work we present our progress towards such intermediate state spectroscopy using entangled light. We
focus on measuring the ETPA cross sections and on shaping the frequency correlations of entangled photons
produced by Spontaneous Parametric Down Conversion (SPDC). We will report on measurements of ETPA
cross sections for different molecules at low photon fluxes presenting excellent signal to noise ratio thanks to a
coincidence detection scheme[6]. Additionally we present measurements of different frequency correlations for
type I and type II SPDC sources.

[1] L. Upton, M. Harpham, O. Suzer, M. Richter, S. Mukamel, and T. Goodson, Optically Excited Entangled
States in Organic Molecules Illuminate the Dark, J. Phys. Chem. Lett. 4, 12, 2046 (2013).

[2] B. E. A. Saleh, B. M. Jost, H. Fei, and M. C. Teich, Entangled-Photon Virtual-State Spectroscopy, Phys.
Rev. Lett. 80, 3483 (1998)

[3] H. Fei, B. M. Jost, S. Popescu, B. E. A. Saleh, and M. C. Teich, Entanglement-Induced Two-Photon
Transparency, Phys. Rev. Lett. 78, 1679 (1997).

[4] F. Schlawin , K. E. Dorfman, S. Mukamel, Entangled Two-Photon Absorption Spectroscopy, Acc. Chem.
Res. 51, 9, 2207-2214 (2018)

[5] R. León-Montiel, J. Svoziĺık, L. J. Salazar-Serrano and J. P. Torres, Role of the spectral shape of quantum
correlations in two-photon virtual-state spectroscopy, New J. of Phys. 15, 053023 (2013).

[6] J. P. Villabona-Monsalve, O. Calderon-Losada, M. Nunez-Portela, and A. Valencia., Entangled Two Photon
Absorption Cross Section on the 808 nm Region for the Common Dyes Zinc Tetraphenylporphyrin and
Rhodamine B, J. Phys. Chem. A, 121, 7869 (2017).
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Abstract

We report on the design of PhC nanobeam cavities for the possible integration of NV-centers in dia-
mond on a nanophotonic chip. In particular, we use 3D-FDTD simulations to optimise the cavity Q-factor
and analyse the coupling strength between the NV-center and the cavity, dependent on the position and
orientation of the emitter.

The efficient integration of single-quantum emitters with photonic circuits is a major challenge for the
development of quantum technologies. A scalable implementation of single-photon emitters (SPEs) on a chip
requires a low-loss interface and strong light-matter interactions while maintaining a high coupling strength to
the SPE. If a SPE is placed in a cavity, the spontaneous emission rate can be enhanced based on the Purcell
effect. This enhancement factor can be described as:

Fp =
3Q

4π2Vm

(2κ)2

4(ω − ωcav)2 + (2κ)2
|�µ · �E(�r0)|2
|�µ|2| �Emax|2

, (1)

where ωcav, κ, Q and Vm are the frequency, FWHM, quality factor and mode volume of the defect mode respec-
tively; ω is the frequency of the dipole transition and �µ is the dipole transition moment. The electric field at the
SPEs position is given by �E(�r0) and the maximum electric field by �Emax. Assuming zero detuning (ωcav ≈ ω)

and allignment of the transition dipole moment along the electric field (�µ � �E), the crucial parameters for a
strong enhancement are a high Q-factor, low mode volume and high relative electric field strength at the SPE.
Here, we present results for geometry optimisations based on 3D-FDTD simulations of photonic crystal nanobeam
cavities embedded with a Si3N4 waveguide. While a low, wavelength scale mode volume can be easily achieved
by design, we optimise the structure in terms of a high Q-factor of the localised cavity mode. In the next step,
we include a NV-center inside a nanodiamond, modelled by a dipole, which is positioned in close proximity to
the defect center of this optimised device and analyse it’s coupling strength to the confined light mode. We
study how the Q-factor changes in dependence of the position and polarisation of the NV-center. We determine
the sensitivity of coupling conditions to emitter position and orientation.
We show that it is possible to create a coupled system that maintains a high Q-factor of the resonant mode,
while achieving a moderate coupling strength with the SPE, within a realistic parameter range. Our results
indicate that it is sufficent to place the SPE close to the cavity for an efficient coupling, thus allowing for the
usage of such devices in photonic integrated circuits.

Fig.1: Electric field strength profile of the resonant
mode, if a nanodiamond modelled by a diamond sphere
with r = 25nm is introduced at the border of the cen-
tral air hole of the optimised design (Fig.1: Top right).
The pertubation of the dielectric structure results in an
asymmetrical mode profile. The maxima of the elec-
tric field strength lie within the air-diamond interface
at y ≈ 47 nm. Thus if the SPE is positioned at the
border of the nanodiamond, it lies within these maxi-
mas. The Q-factor decreases from 3.6 · 106 to 1.7 · 105

compared to the unpertubed structure.
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ENS-PSL Research University, Collège de France; CC74 4 Place Jussieu, 75252 Paris, France

Abstract

We show experimental procedures based on optical frequency combs for the generation of quantum
complex networks, having both Gaussian and non-Gaussian statistics and that can be exploited in quantum
information and communication technologies based on Continuous Variables.

We show experimental procedures based on optical frequency combs and parametric processes able to produce
quantum states of light involving large number of modes in the frequency and time domain. The protocols, along
with mode selective and multimode homodyne measurements, allow for the implementation of reconfigurable
entanglement connections between the involved modes. This can be exploited for fabricating entanglement
structures with regular geometry as cluster states [1], which are considered a universal resource for continuous
variables measurement-based quantum computing. Also graphs with more complex topology: recently, quantum
complex networks, i.e. collections of quantum systems arranged in a non-regular topology, have been explored
leading to significant progress in a multitude of diverse contexts including, e.g., quantum transport, open
quantum systems, quantum communication, extreme violation of local realism, and quantum gravity theories.
We demonstrated that our strategy allows for deterministic implementation of networks with all-to all connection
and full reconfigurability [2]. Additional non-Gaussian operations are necessaries to reach a form of quantum
advantage in this scenario; a coherent-mode dependent single photon subtraction has been recently demonstrated
in our setups. When applied to the graph structure a special entanglement [3] properties appear, and the
non-Gaussian features are spread out with particular geometrical properties [4]. Moreover, the merging of
non-Gaussian operations and complex network structures disclose peculiar properties of the quantum states,
which can also be investigated to simulate quantum transport. Finally, coherent single-photon subtraction on
Gaussian multimode quantum states can be exploited as a high-dimensional encoding, which is suitable for
mapping arbitrary classical data in quantum mechanical form [5].

[1] Y. Cai, J. Roslund, G. Ferrini, F. Arzani, X. Xu, C Fabre and N. Treps, Multimode entanglement in
reconfigurable graph states using optical frequency combs, Nature Communications 8, 15645 (2017).

[2] J. Nokkala, F. Arzani, F. Galve, R. Zambrini, S. Maniscalco, J. Piilo, N. Treps and V. Parigi, Reconfigurable
optical implementation of quantum complex networks, New Journal of Physics 20, 053024 (2018).

[3] M. Walschaers, C. Fabre, V. Parigi and N. Treps, Entanglement and Wigner function negativity of multi-
mode non-Gaussian states, Physical Review Letters 119, 183601 (2017).

[4] M. Walschaers, S. Sarkar, V. Parigi, and N. Treps, Tailoring non-Gaussian continuous-variable graph states,
Phys. Rev. Lett. 121, 220501(2018).

[5] F. Arzani, A. Ferraro, and V. Parigi, High-dimensional quantum encoding via photon-subtracted squeezed
states Phys. Rev. A 99, 022342 (2019).
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Abstract

We address the use optical parametric oscillator (OPO) to contrast phase diffusion and demonstrate the
reduction of phase diffusion for coherent signal passing through OPO. In particular, we theoretically and ex-
perimentally show that there is a threshold value of the phase diffusion amplitude above which OPO can be
exploited to “squeeze” phase noise. The threshold depends on the energy of the input coherent state and on
the relevant parameters of the OPO, such gain and the input/output and crystal losses.
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Abstract

We review the main results of the modal theory of temporal imaging, recently developed by us. We
consider a simple quantum temporal imaging system on the basis of a time lens implemented by a parametric
nonlinear optical process with a chirped pump. We illustrate this approach by an example of type-I non-
collinear sum-frequency generation process, where the phase matching is limited by the temporal walk-off of
the pump, signal and idler waves. Our theoretical treatment allows us to identify the criteria for designing
imaging schemes with close to unity efficiencies.

Quantum temporal imaging is a technique for the manipulation of the time-frequency degrees of freedom of
a quantum state and it is based on the space-time duality of optical processes [1]. By virtue of this duality a
device able to imprint onto an incoming wavefront a quadratic phase modulation in time behaves as a time-lens.
A time-lens can be implemented by means of a nonlinear frequency conversion process with a chirped pump.

We have recently applied the theory of quantum temporal imaging to squeezed light in the limit of infinite
temporal aperture and perfect phase-matching [2, 3] and in the limit of finite aperture but still perfect phase-
matching [4]. The conditions of applicability of the perfect-phase-matching approximation has been studied
[5]. While the performances of a temporal imaging scheme can be easily quantified when these conditions are
met for any conversion efficiency regime, as soon as one wants to include the limitations induced by the finite
phase-matching the quantification of performances becomes a difficult task. In general the imaging scheme can
be described by a unitary transformation

Âout(Ω) =

�
dΩ�

�
h(Ω,Ω�)Âin(Ω�) + q(Ω,Ω�)Âvac(Ω

�)
�
, (1)

that is characterized by two transfer functions h(Ω,Ω�) and q(Ω,Ω�), where Ω and Ω� are sideband frequencies
in the Fourier space. This transformation produces a scaled image of the input field Âin(Ω) that is limited by
the presence of vacuum Âvac(Ω) entering in the process because of the finite temporal aperture of the time-lens
and imperfect phase-matching. Note that the second transfer function q(Ω,Ω�) describes a purely quantum
effect and is zero in the classical formalism [1].

Despite the fact that for high conversion efficiency the transformation (1) does not have an explicit expression,
a quantitative assessment of the performances (in terms of resolution and field-of-view) of the associated imaging
scheme can be realized from the eigenvalues and eigenvectors of the two transfer functions, thus showing the
interest of the modal approach for temporal imaging. We consider the example of a time lens implemented
by a type-I non-collinear sum-frequency generation process and show that for the case of a chirped Gaussian
pump the eigenvalues and eigenvectors of the transformation (1) can be obtained analytically. From this modal
description is then possible to extract the resolution and the field-of-view. They can be expressed in terms of the
experimental parameters of the systems such as the pump duration and chirp, the temporal walk-off between
the pump, the signal and the idler waves. These results may find numerous applications in experiments dealing
with manipulation and detection of temporally multimode squeezed light.

[1] B. H. Kolner, Space-Time Duality and the Theory of Temporal Imaging, IEEE J. Quantum Electron. 30,
1951 (1994)

[2] G. Patera and M. I. Kolobov, Temporal imaging with squeezed light, Opt. Lett. 40, 1125 (2015)

[3] J. Shi, G. Patera, M. I. Kolobov and S. Han, Quantum temporal imaging by four-wave mixing, Opt. Lett.
42, 3121 (2017)

[4] G. Patera, D. B. Horoshko and M. I. Kolobov, Space-time duality and quantum temporal imaging, Phys.
Rev. A 98, 053815 (2018)

[5] G. Patera, J. Shi, D. B. Horoshko, and M. I. Kolobov, Quantum temporal imaging: application of a time
lens to quantum optics, J. Opt. 19, 054001 (2017).
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Abstract

Your prankster friend gave you a box into which, he says, there is a quantum system. He asks you to hold
the box for him, and not to ruin the fragile quantum system that is inside. But you do not trust him and want
to find out if he is telling the truth or not. How would you ascertain that the system within your friend’s box
is indeed genuinely quantum?

As preposterous as this situation might sound, it is not far from conditions routinely found in quantum labs:
the direct revelation of the non-classical properties of a system is often either too disruptive for the system itself
(if you measure it, you ruin it!), or simply technically difficult to realise (the system might be difficult to access,
just like the one in your friend’s box).

In this talk I will illustrate a scheme based on quantum communication and the theory of quantum corre-
lations, that allows you to “certify” the quantum nature of an inaccessible system. I will show how, besides
its fundamental interest, the scheme is prone to verification in a number of experimental settings, including
quantum optomechanics. Finally, I will conjecture that it can be used as a trojan horse to investigate the
possible quantum nature of biological processes and gravity.

The work presented in this talk is based on the following papers:

[1] T. Krisnanda, M. Zuppardo, M. Paternostro, and T. Paterek, Phys. Rev. Lett. 119, 120402 (2017)

[2] S. Bose et al., Phys. Rev. Lett. 119, 240401 (2017)
[see also Synopsis in Physics: https://physics.aps.org/synopsis-for/10.1103/PhysRevLett.119.240402]

[3] T. Krisnanda, C. Marletto, V. Vedral, M. Paternostro, and T. Paterek, npj Quant. Inf. 4, 60 (2018)
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Abstract

Optical resolution can be advantageously reconsidered from the point of view of quantum estimation
theory. For optimised measurements reaching the level of Quantum Fisher Information the super-resolution
is saturable as will be demonstrated on several examples of precise optical detection schemes.

There are many problems where optics and quantum theory overlap, one of them being the fundamental
limit upon the resolution. The spatial resolution of any imaging device is restricted by diffraction, which causes
a sharp point on the object to blur into a finite-sized spot in the image. This intrinsic blurring is encoded in the
point-spread function, which hinders to distinguish two neighbourhood points- an effect known as ”Rayleigh
curse”. The same problem can be reconsidered from the perspective of quantum estimation theory, as done by
Tsang and coworkers [1] showing that corresponding quantum Fisher information can be constant in this case
as demonstrated experimentally is several experiments, see for example [2]. When only light intensity at the
image plane is measured on the basis of all the traditional phase insensitive techniques such as CCD detection,
the Fisher information falls to zero as the separation between two sources decreases in accordance with Rayleigh
curse.

More general conditions for attaining the ultimate resolution for multi-parameter estimation of two point
sources will be addressed in the talk. As will be shown, the constant quantum Fisher information is a consequence
of the simple model adopted for parameter estimation. When more parameters such as relative intensities or
coherence are assumed the Quantum Fisher Information is no more constant. For the general case of unequally
bright sources, the amount of information related to separation falls to zero, but there is always a quadratic
improvement in an optimal detection in comparison with the intensity measurements. Importantly such a bound
can be saturated for carefully designed detection. Quantum-inspired imaging techniques can be further extended
to shaping of point-spread function in order to achieve linear scaling of Fisher information [3] or adopted in
time-frequency domain for resolving the optical pulses beyond the separation given by their optical bandwidth
[6].

[1] M. Tsang, R. Nair, and X.-M. Lu, Quantum Theory of Superresolution for Two Incoherent Optical Point
Sources, Phys. Rev. X, 6, 031033 (2016).

[2] M. Paúr, B. Stoklasa, Z. Hradil, L. L. Sánchez-Soto, and J. Řeháček, Achieving the ultimate optical reso-
lution, Optica 3, 1144 (2016).

[3] M. Paúr, B. Stoklasa, J. Grover, A. Krzic, L. L. Sánchez-Soto, Z. Hradil, and J. Řeháček, Tempering
Rayleigh’s curse with PSF shaping, Optica 5, 1177 (2018).

[4] J. Řeháček, Z. Hradil, B. Stoklasa, M. Paúr, J. Grover, A. Krzic, and L. L. Sánchez-Soto, Multiparameter
quantum metrology of incoherent point sources: Towards realistic superresolution, Phys. Rev. A 96, 062107
(2017).
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quantum spatial superresolution, Phys. Rev. A 98, 012103 (2018).
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Quantum-limited time-frequency estimation through mode-selective photon measurement, Phys. Rev. Lett.
121, 090501 (2018).
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The successful implementation of functional quantum photonic technologies hinges on our ability to generate,
manipulate, and measure complex multiphoton states. A crucial step for the faithful utilization of multiphoton
states is the certification of the non-classicality of correlations among the modes [1, 2]. Here, we describe
a method to uncover nonclassical correlations of two-mode multiphoton states. This scheme is based on the
second-order moments which are directly obtained from measured photon statistics. To illustrate the method we
apply it to experimental photon-subtracted two-mode squeezed vacuum states (TMSVS) [3]. These TMSVS were
generated by conditionally subtracting the same amount of photons from each mode of a bright spontaneous-
parametric-down-conversion source. The photon statistics was obtained using photon number resolving detectors
based on transition edge sensors [4].

Figure 1: The Agarwal parameter in (a) certifies the nonclassical nature of P-function corresponding to the
generated photon-subtracted states for different number of subtracted photons l. The eigenvalues in (b) demon-
strates the possibility of tuning the degree of quantum correlations by controlling the squeezing parameter of
the source and the number of subtracted photons. The curves represent our theoretical predictions for l = 0
(blue solid line), l = 1 (red dashed line), l = 2 (pink dash-dotted line), and l = 3 (black dotted line).
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Nanophotonic circuits employ waveguiding devices to route light across integrated

optical chips in analogy to electrical wires in integrated electrical circuits. Interaction

with the environment is possible through near-field coupling to the evanescent tail of

propagating  optical  modes.  This  approach is  particularly  interesting  for  designing

highly sensitive detectors, which are able to register individual photons and constitute

fundamental  building  blocks  for  emerging  quantum  photonics.  Superconducting

nanowire single photon counters (SNSPDs) provide high efficiency and good timing

performance,  as  well  as  broad  optical  detection  bandwidth.  To  move  towards

applications  in  high  bandwidth  quantum  communication,  we  realize  compact

SNSPDs with sub-micrometer effective length by embedding them in photonic crystal

cavities to recover high absorption efficiency [1,2].  These detectors possess sub-

nanosecond recovery times and ultralow noise equivalent  power.  Being made by

scalable  fabrication  techniques,  waveguide  SNSPDs  hold  promise  for  photonic

integrated quantum technologies.
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Abstract

We present a homodyne detection scheme using a weak local oscillator of a few photons and photon-
number-resolving detectors. We vary the strength of the local oscillator to observe where the classical treat-
ment breaks down in the presence of loss and imperfections, which we characterise using the experimental
setup.

Balanced Homodyne Detection (BHD) is a widely-used experimental technique to characterise an optical
state |φ�. The technique is performed by interfering |φ� with a strong local oscillator (LO) |α� on a balanced
beamsplitter (see Fig. 1). A quadrature measurements on |φ� is obtained by measuring the difference in detector
signal [1].

Figure 1: Schematic of the setup for homodyne detection of a signal |φ�

Here we replace often-used photodiodes with photon-number-resolving detectors (PNRDs) which are inher-
ently more sensitive, meaning it is possible to use a weak LO of only a few photons, and giving us access to
non-Gaussian measurements. While a strong LO can be treated classically, in the weak case a quantum me-
chanical description is required to describe the correct photon-number distribution [2, 3]. In the limit of α → 0
the measurement reduces to a projection of |φ� onto the Fock-basis. Here we investigate the transition between
the classical and quantum regimes.

In our experiment we used a heralded Fock state |n� as our signal, and Transition Edge Sensors as our PNRDs
[4]. We characterised the mode overlap between |n� and |α� by measuring the Hong-Ou-Mandel interference
using PNRDs. We also measured system efficiency through Klyshko-style coincidence measurements with α = 0,
exploiting the photon-number correlations of our source [5]. Both of the above measurements are difficult to
perform when using a strong LO and photodiode detectors.

With the above imperfections included, our experimental results agree well with theory, allowing us to see
this semi-classical to quantum transition of our measurements on Fock states.
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Abstract

We report a connection between the amount of entanglement and the local energy that a bipartite
system can have with that entanglement, by explicitly finding a minimum and maximum energy pure states.
We show through numerical simulations that this connection is relevant to design energetically efficient
entanglement generation protocols. Moreover, our results point out formal analogies between these extremal
states and thermal states, thus reinforcing the connection between entanglement and thermodynamics.

Entanglement is a key ingredient for the development of quantum technologies. Studying its relation with
energy is important in order to design more efficient quantum protocols, as shown in [1].

To quantify the entanglement of a pure state |ψ� of a bipartite system A-B we make use of the “Entropy
of entanglement”: E (|ψ�) = S

�
TrA(B) {|ψ��ψ|}

�
with S(ρ) = −Tr {ρ log ρ}, that is regarded as the standard

entanglement quantifier [2]. In our work, we found a family of minimum and maximum local energy states for
a given degree of entanglement E , for any couple of local discrete Hamiltonians. Each local Hamiltonian can
be written as HX =

�NX−1
n=0 Xn |Xn��Xn|, where X = A, B and NX is the dimension of the system A or B.

Moreover, X0 ≤ X1 ≤ · · · ≤ XNX−1 and, without loss of generality, we impose NA ≤ NB .
Excluding some particular cases with degeneration of the ground state or of the most excited state of

H = HA + HB , a minimum energy state |ψg� and a maximum energy state |ψe� are given by [3]:

|ψg� =
1�
Zg

NA−1�

i=0

e−
β
2 (Ai+Bi) |AiBi� , |ψe� =

1√
Ze

NA−1�

i=0

e
β�
2 (Ai+Bi+Δ) |AiBi+Δ� , (1)

where Zg =
�NA−1

i=0 e−β(Ai+Bi), Ze =
�NA−1

i=0 eβ
�(Ai+Bi+Δ) and Δ = NB−NA. Lastly, β and β� are, respectively,

the solutions of the equations
�
−β ∂

∂β + 1
�

log Zg = E and
�
−β� ∂

∂β� + 1
�

log Ze = E . An entire family of

minimum and maximum energy states can be obtained from the above ones by applying energy-preserving
unitary operators of the form UA ⊗ UB . Furthermore, this result can be extended to the case of mixed states
for a large class of entanglement quantifiers.

In a specific bipartite system, composed of a three and a four-level system, we generated one billion of
random pure states and we observed that the probability of randomly generating an extremal state is extremely
low. Thus, the knowledge of minimum energy states can be useful to design optimal entanglement formation
protocols from an energetic point of view.

Eventually, it is worth noting the strong formal analogies between the quantities that appear in the extremal
states and thermodynamic quantities such as temperature and partition function. In particular, when BNA−1 =
BNA−2 = · · · = B0, the state of A associated to |ψg� is equal to:

ρA
g =

1

Zg

NA−1�

i=0

e−βAi |Ai��Ai| with Zg =

NA−1�

i=0

e−βAi , (2)

which is a thermal state with respect to HA at temperature T = 1/(kBβ), where kB is the Boltzmann constant.
This seems to reinforce the idea of a deep connection between entanglement and thermodynamics [4].
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Abstract

We demonstrate the capability of nanoscopic AlGaAs-on-insulator integrated structures to drastically
enhance χ(2) & χ(3)-nonlinearities. Simulations of simple, rectangular waveguides, for example, already
reveal record-high SPDC efficiencies of up to 10−5 pairs per pump photon. Similarly, pump-enhanced
χ(3)-nonlinearities could make near-deterministic parametric interactions at single-photon-level seed powers
feasible. All the while, we apply dispersion engineering to tune these nonlinear interactions to C-band
wavelengths to yield optimum interfaceability.

We present AlGaAs-on-insulator waveguides as a promising platform for second- and third-order nonlinear
optical interactions [1]. Such integrated structures have large practical advantages over bulk implementations of
frequency converters and pair sources as, for example, their scalable fabrication, stability and robustness, and
reduced setup complexity. More strikingly so, preliminary calculations suggest that they could make efficiency
regimes accessible in which nonlinear processes become significant at single photon level seed powers [2]. Such
devices would revolutionize quantum communication, for example, through their ability to transform coherent
states into single photon Fock states or by enabling photonic implementations of logical gates. Our material of
choice, the III-V compound semiconductor aluminum gallium arsenide, provides large second- and third-order
nonlinear coefficients, a transparency tunable to C-band wavelengths and their corresponding range of second
harmonic frequencies, and mature fabrication quality. Furthermore, when AlGaAs is nanoscopically structured
and immersed in dielectric cladding to produce highly confining waveguides, effective nonlinearities can be
increased by orders of magnitude. Our contribution shows the optimization of χ(2)-efficiencies through careful
balancing of the mode confinement and the three-wave mixing overlap in these structures. The procedure yields
downconversion probabilities of 10−5 pairs per pump photon for simple rectangular waveguides, which can be
further enhanced in microring resonators.
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Abstract
Born’s rule, one of the cornerstones of quantum mechanics, relates detection probabilities to the modulus

square of the wave function. Single-particle interference is accordingly limited to pairs of quantum paths and
higher-order interferences are prohibited. Deviations from Born’s law have been quantified via the Sorkin
parameter which is proportional to the third-order term. We here extend this formalism to many-particle
interferences and find that they exhibit a much richer structure. In particular, we demonstrate that all
interference terms of order (2M + 1) and greater vanish for M particle-interference. We further introduce a
family of many-particle Sorkin parameters and show that they are exponentially more sensitive to deviations
from Born’s rule than their single-particle counterpart.

According to Born’s rule the probability of a measurement outcome is given by the modulus square of
the corresponding probability amplitude [1]. This fundamental postulate of quantum mechanics establishes a
link between the (deterministic) mathematical formalism and experiment. It additionally introduces a random
component into the theory. To date none of the attempts to replace the postulate by a derivation from underlying
principles seems to be generally accepted. Experimental tests of Born’s law are therefore crucial to assess its
range of validity.

A direct consequence of Born’s rule is that single-particle quantum interference originates from pairs of
quantum paths [2]. Interferences of higher order than the second do not occur in quantum mechanics and the
vanishing of the third-order term (which can be visualized in a triple slit setup, see Fig. 1) has been investigated
in the context of a general quantum measure theory by Sorkin [2]. This led to the introduction of the so-
called Sorkin parameter κ, which vanishes if Born’s rule holds. An actual measurement of κ for single-particle
interference has been conducted in 2010 with photons in a triple-slit experiment [3], where the Sorkin parameter
was bounded by 10−2.

= + −−+ −B
A

C
B
A AA

C
B
C

B
C

$% &'() − (&'( + &') + &())+ (&' + &( + &)) = 0

Figure 1: The single-particle interference pattern of the triple slit can be decomposed into the sum of the
respective interference patterns of all comprised double and single slits. The third-order interference I3 (as
defined above), which quantifies ‘new’ genuine interference, is thus zero.

Quantum mechanics, however, is not limited to single-particle interference. It also allows for many-particle
interference in the case of indistinguishable particles. In this study, we investigate general setups with greater
number of slits, where many-particle interference, and hence higher-order correlations among the particles, can
be observed. In this setting, we generalize Sorkin’s idea to incorporate many-particle interference displaying a
richer structure and far more nonzero higher-order interference terms. We derive higher-order sum rules that
can be used to test Born’s rule and introduce a family of many-particle Sorkin parameters, which have the
benefit of displaying an exponentially increased sensitivity to deviations from Born’s rule with respect to their
single-particle counterpart. We thus expect them to stimulate new theoretical and experimental studies and
more precise tests of quantum theory.
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Abstract

We report our theoretical research of the three-level atom dynamics in non-classical electromagnetic
fields. Features of the atomic dynamics in quantum light and possibility to form the dark state are analyzed.
Strong entanglement between atomic and field subsystems is found. Significant change in photon statistic
is demonstrated. Possibility of generation of non-Gaussian states is discussed.

At the present time a wide variety of non-classical states of light are reproduced successfully in experiments.
This includes few-photon Fock and coherent states with small mean photon number, biphoton pairs, multiphoton
squeezed states [1, 2, 3]. The interaction of these states with matter leads to new physical effects. It is important
to mention that field characteristics are also changed during the interaction. Therefore the field states with
new properties may appear. The dynamics of the two-level system is well studied, however, as the number of
components increases, the problem becomes much more complicated.

We consider the interaction between the three-level model atom and two non-classical electromagnetic fields.
This problem is described by the non-stationary Schroedinger equation. The exact analytical solution is obtained
for the case of resonant fields. The dynamics of bi-partite “atom + quantum field” system is examined. Different
initial field states are considered: coherent states with a small mean number of photons, squeezed states, two-
mode squeezed vacuum and Schroedinger cat states. Dramatic difference in atomic dynamics is shown for these
initial field conditions. In the case of initially coherent fields regimes of “collapse” and “revival” in atomic
transitions are observed [4]. The sensitivity to the phase between atomic levels is investigated. If at least one
of the fields is squeezed, the phase dependence is absent. This means that the dark state cannot be formed due
to distractive interference effect [4, 5]. This fact is explained in quasi-energies approach.

The entanglement between atomic and field subsystems is found and is characterized quantitatively. Prop-
erties of the field subsystems are strongly changed due to interaction with the atom.

Additionally, the problem of the interaction between a model atom and single non-classical field is also
solved analytically. In the quasi-energies formalism the optimal conditions were selected for the formation of
a dark state in the case of using squeezed light. A significant change in the photon statistics is found, which
is associated with noticeable population of Fock states with odd numbers. Such new generated light states are
analyzed in terms of Wigner function. We discovered negative regions of Wigner function which correspond to
strongly non-Gaussian states. Thus, field states with new properties can be generated.

We acknowledge financial support of the Russian Science Foundation Grant 19-42-04105.
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Abstract
We propose a novel squeezed light source meeting the stringent requirements of continuous variable

quantum sampling. Using the time-dependent effective second-order nonlinear interaction induced by a
strong driving beam in the presence of the χ3 response in a microresonator, our approach is compatible with
established nanophotonic platforms. With typical realistic parameters, squeezed states with mean photon
number of 10 or higher can be generated in a single consistent temporal mode at repetition rates of over
100MHz. Over 15dB of squeezing is expected in existing ultra-low loss platforms.

No degenerate squeezed light source has yet been proposed which satisfies all the requirements for practically
useful quantum sampling. These stringent requirements are: (i) Scalability. (ii) Single-mode operation (iii)
Sufficient squeezing levels (iv) Compatibility with single photon and photon number-resolving detection. The
requirements (ii) and (iii) can be succinctly stated in mathematical terms: an ideal source provides an output

quantum state of the form e(r/2)A2−H.c.|vac�, with squeezing factor r reliably tunable, and in which A =�
dωf(ω)a(ω) is the annihilation operator for a single well-defined spatiotemporal mode, the characteristics of

which do not vary over the tuning range of r. We propose a scalable squeezed light source that comprehensively
satisfies these requirements by using the time-dependent effective second-order nonlinear interaction induced by
a strong driving beam in the presence of the χ3 response in a microresonator. This allows us to write an effective
squeezing Hamiltonian for 3 resonator modes, driving (D), pump (P) and squeezer (S) as Hsq ∼ χ3bDbP b†

Sb†
S =

(χ3βD)βP b†
Sb†

S = χeff
2 βP b†

Sb†
S , where the classical amplitudes satisfy βD � βP and βD is quasi continuous-wave.

This operation regime allows us to suppress spurious effects such as dynamical detunings induced by self- and
cross-phase modulation of the pumps since, for our proposal, the largest contribution of these effects is a static
detuning proportional to |βD|2. We consider a device optimized for a CW drive input power of 200 mW and
include the effects of time-dependent self-phase modulation and cross-phase modulation from the pump pulse.
In Fig. 1 (a) we show the squeezing performance for a structure with 400 µm round-trip length, ωS = 2π× 193
THz, nonlinear parameter γNL = 1 (Wm)−1, group velocity vg = c/1.7, and intrinsic quality factor of 2 × 106

for all three resonances with escape efficiencies of 0.5 (critically coupled) for the drive mode D, 0.9 for the S
mode, and 0.98 for the pump mode P ; the corresponding loaded quality factors are then respectively 1 × 106,
2×105, and 4×104. In Fig. 1 (b) We show the mean photon-number occupation of the first ten Schmidt modes
the dominant mode lies about 100x above the next largest mode. These results show that our design satisfy
desiderata (ii) and (iii) of our list and together with appropriate fabrication and pump suppression techniques
can also be made to satisfy desiderata (i) and (iv).
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Fig. 1: System performance for a device with realis-
tic parameters (details in text): (a) Variance relative to
vacuum of the squeezed quadrature (bottom solid curve)
and anti-squeezed quadrature (top solid curve) for the
dominant mode. Dashed curve shows variance of anti-
squeezed quadrature for an ideal pure state; Some ex-
cess anti-squeezing is evident from the finite escape effi-
ciency. (b) Mean photon number of the first ten Schmidt
modes as a function of pulse energy; the dominant mode
(top curve) consistently lies about 100x above the next
largest mode.
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Abstract

Gaussian Boson Sampling (GBS) is a recently introduced sampling problem where squeezed states are
sent into an M × M interferometer whose outputs are measured using photon-number resolving detectors.
A GBS sample is specified by a set of M non-negative integers S = {n1, n2, . . . , nM} and has a probability
that is proportional to the Hafnian of a certain matrix AS of size 2� = 2

�M
k=1 nk. We show that one can

generate exactly a sample S with computational effort that is comparable to the time required for calculating
the Hafnian of the matrix AS that determines the probability of the sample.

Let Q be the covariance matrix of the Q function of the M -mode Gaussian state � in the α,α∗ basis at the
output of the interferometer. Let Ī = {i1, i2, . . . , im} be a set of indices (integers) specifying a subset of the
M modes and in particular we write Ī = [k] = {1, 2, . . . , k} for the first k modes. We write QĪ to indicate

the covariance matrix of the modes specified by the index set Ī. Define OĪ = �−
�
QĪ

�−1

, AĪ = XOĪ , with

X = [ 0 �

� 0 ] . These matrices can be used to calculate photon-number and threshold detection probabilities as

p(N̄ = n̄) =
Haf(AĪ

n̄)

n̄!
�

det(QĪ)
(PNR), p(N̄ = n̄) =

Tor(OĪ
n̄)�

det(QĪ)
(Threshold), (1)

where N̄ = {Ni1 , Ni2 , . . . , Nim
} is the collection of random variables that represent photon number measure-

ments in mode subset Ī, n̄ = {ni1 , ni2 , . . . , nim} is a set of integers in the support of the random variables N̄
and Haf is the Hafnian matrix function [1]. Similarly, for threshold detection, N̄ is a collection of binary random
variables, n̄ is a bitstring specifying which detectors clicked and Tor is the Torontonian [2].

Now, we want to introduce an algorithm to generate samples of the random variable {N1, . . . , NM} that
distribute according to the probabilities in Eq. (1). To generate samples, we proceed as follows: First, we can

always calculate the following probabilities p(N1 = n1) = Haf
�
A

[1]
{n1}

�
/
�
n1!

�
det(Q[1])

�
. Having constructed

said probabilities, we can always generate a sample for the first mode. This will fix N1 = n1. Now we want to
sample from N2|N1 = n1. To this end, we use the definition of conditional probability

p(N2 = n2|N1 = n1) =
p(N2 = n2, N1 = n1)

p(N1 = n1)
=

Haf
�
A

[2]
{n1,n2}

�

n1!n2!
�

det(Q[2])

1

p(N1 = n1)
. (2)

We can, as before, calculate this quantity for a set of values of n2 and then generate a sample of N2 with value
n2. Note that the factor p(N1 = n1) is already known from the previous step. We can now do induction:

p(Nk = nk|Nk−1 = nk−1, . . . , N1 = n1) =
p(Nk = nk, Nk−1 = nk−1, . . . , N1 = n1)

p(Nk−1 = nk−1, . . . , N1 = n1)
(3)

=
Haf

�
A

[k]
{n1,n2,...,nk}

�

n1!n2! . . . nk!
�

det(Q[k])

1

p(Nk−1 = nk−1, . . . , N1 = n1)
. (4)

We iterate for a finite set of values nk and sample the random variable Nk conditioned on the previous values.
We can do this for all the M modes to obtain an M -mode sample S. The argument just presented also works
for Torontonians with the replacements A → O, Haf → Tor. Now, let us consider the collision-free regime,
relevant to quantum supremacy. In that case, the two probabilities in Eq. (1) are identical and we can estimate

the complexity of sampling. The calculation of the numerator in Eq. (4) where � =
�k

i=1 ni clicks have been
recorded requires the Torontonian of matrix of size 2�× 2� which scales like O(2�). So, for a sample in which a

total of � clicks are recorded, the complexity scales like
��

r=0 O(2r) ∼ 2O(2�) which is the same complexity as
calculating a Hafnian or Torontonian of size 2�× 2�. This shows that generating a GBS sample using a classical
computer has (except for prefactors) the same complexity as calculating a GBS probability.

[1] C. Hamilton et al., Gaussian Boson Sampling, Phys. Rev. Lett. 119, 170501 (2017)

[2] N. Quesada et al., Gaussian boson sampling with threshold detectors, Phys. Rev. A 98, 062322 (2018)
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Abstract

We introduce a new method for characterization of linear-optical networks (LON) in randomized boson sampling
(RBS) experiments. By exploiting the entanglement used in RBS, we show that a RBS experiment can be converted to
a classically simulatable problem that enables us to characterize a lossy LON. Furthermore, we introduce a measure of
distance for comparing ideal and lossy LONs. By using this measure, we obtain an upper bound on the total variation
distance between the ideal probability distribution for the RBS problem and the actual probability distribution achieved
by a lossy LON.

It is strongly believed that quantum computers can perform certain computational tasks much faster than classical
computers. A universal fault-tolerant quantum computer, however, is still not available, so there is great interest in inter-
mediate models of quantum computation, which can demonstrate quantum-computational speedups with much simpler
physical systems and algorithms [1]. Randomized boson sampling (RBS) [2], which is a generalized version of boson
sampling [3], is an example of such intermediate model has attracted much attention due to its simple physical implemen-
tations.

We formulate RBS as a distributed task between two parties, Alice and Bob, who share weakly two-mode squeezed
vacuum states. Alice performs local measurements on her modes, either photon counting or heterodyne. Bob implements
and applies to his modes the LON requested by Alice; at the output of the LON, Bob performs photon counting, the
results of which he sends to Alice via classical channels. In the ideal situation, by using photon-counting measurements
and having Bob’s results, Alice obtains samples from the probability distribution of the RBS problem, a task that is
believed to be classically hard to simulate. However, we show that, by using heterodyne measurements, Alice can convert
the experiment to a problem that is not only classically efficiently simulable, but also enables her to characterize a lossy
LON of Bob on the fly, without Bob’s knowing. The characterization runs are interspersed with the RBS runs, and Bob
cannot know which is which.

Furthermore, we introduce a measure of distance between the ideal LON, described by a unitary transfer matrix, and
the lossy LON of Bob, described by a transfer matrix which is not unitary. This measure is, in fact, the fidelity between
the joint states shared by Alice and Bob after the ideal and lossy LONs, which is interesting in its own right. By using this
measure, we obtain an upper bound on the total variation distance between the ideal probability distribution for the RBS
problem and the actual probability distribution achieved in the experiment. Thus our in situ characterization procedure
can check that a RBS device samples from a probability distribution that is close to the ideal photocount distribution.
We, however, emphasize that this does not address the problem of verification of RBS, i.e., distinguishing the samples
generated by the experiment from ones generated by some classical algorithm.

[1] A. W. Harrow and A. montanaro, Quantum computational supremacy, Nature 549, 203 (2017).

[2] A. P. Lund, A. Laing, S. Rahimi-Keshari, T. Rudolph, J. L. O’Brien, and T. C. Ralph, Boson sampling from a
Gaussian state, Phys. Rev. Lett. 113, 100502 (2014).

[3] S. Aaronson and A. Arkhipov, The Computational Complexity of Linear Optics, Theory of Computing 9(4), 143–252
(2013).
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Abstract

High-order quantum nonlinearity is an important prerequisite for the advanced quantum technology
leading to universal quantum processing with large information capacity of continuous variables. We devise
a method of stroboscopic application of a highly nonlinear potential to an initial squeezed thermal state
of a mechanical oscillator of an optomechanical cavity. The mechanical states generated by the protocol
exhibit nonclassicality proving the higher-order quantum nonlinearity and rendering them a useful resource
for the mechanical quantum technology. We analyze the main sources of decoherence and estimate possible
achievable nonlinearities in the systems that are within reach with the current levitated optomechanical
experiments.

Quantum Information Processing with continuous variables (CVs) has achieved noticeable progress re-
cently [1]. In order to fully gain the benefits of CVs and to potentially access the universal quantum computation
one at least requires a nonlinear cubic potential [2]. A straightforward way to achieve the nonlinearity is to
induce controllable nonlinear force on a linear oscillator. A promising candidate to do so can be found in the
field of optomechanics [3] that focuses on the systems in which radiation pressure of light or microwaves drives
the mechanical motion. The optomechanical systems have reached a truly quantum domain demonstrating the
effects ranging from the ground state cooling [4] to the entanglement of distant mechanical oscillators [5]. Of
particular interest are the levitated systems in which the trapping potential of the mechanical motion is provided
by an optical tweezer [6]. Besides the inherently nonlinear optomechanical interaction met in the standard bulk
optomechanical systems the levitated ones posses the attractive possibility of engineering the nonlinear trapping
potential [7].

In the present letter we propose a high-order nonlinearity for optomechanical systems with time variable
external force. We theoretically investigate the dynamics of a levitated nanoparticle in presence of simultane-
ously a harmonic and a strong stroboscopically applied nonlinear potentials enabled by the engineering of the
trapping beam. Using Suzuki-Trotter expansion we induce the simultaneous action of the potentials and obtain
the Wigner functions of the quantum motional states achievable in this system. We directly observe nonclas-
sical negative Wigner function generated by highly nonlinear quantum interaction. The oscillations of Wigner
function reaching negative values witness the quantum dynamics required for nonlinear phase gate. We prove
a nonlinear combination of the canonical quadratures of an oscillator to be squeezed below the ground state
variance that is an important prerequisite of this state being a resource for the measurement-based quantum
computation. We focus our attention to realistic versions of nonlinear phase states, namely the cubic phase
state. The method allows straightforward extension to more complex nonlinear potentials which can be used
to flexibly generate other resources for nonlinear gates and their applications.

[1] S. Braunstein and P. van Loock, Reviews of Modern Physics 77, 513 (2005); A. Orieux and E. Diamanti,
Journal of Optics 18, 083002 (2016).

[2] S. Lloyd and S. L. Braunstein, Physical Review Letters 82, 1784 (1999); D. Gottesman, A. Kitaev and J.
Preskill, Physical Review A 64, 013210 (2001).

[3] M. Aspelmeyer, T. J. Kippenberg and F. Marquardt, Reviews of Modern Physics 86 (2014).

[4] J. D. Teufel et al., Nature 475, 359 (2011), J. Chan et al., ibid 478, 89 (2011).

[5] R. Riedinger et al., Nature 556, 473 (2018), C. F. Ockeloen-Korppi et al., ibid 556, 478 (2018).

[6] P. F. Barker and M. N. Shneider, Physical Review A 81, 023826 (2010); D. E. Chang et al., PNAS 107,
1005 (2010); O. Romero-Isart et al., Physical Review A 83, 013803 (2011);

[7] A. Bérut et al., Nature 483, 187 (2012); F. Ricci et al., Nature Communications 8, 15141 (2017); Šiler et
al., Physical Review Letters 131, 230601 (2018).
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Abstract

Entanglement of formation quantifies the entanglement of a state in terms of the entropy of entanglement
of the least entangled pure state needed to prepare it. The calculation of this measure is NP-hard and there
are only a few cases where we know its analytical expression. In this work we focus on Gaussian states,
and for the two-mode case we derive analytical narrow upper and lower bounds, and show that the problem
of calculating the actual value for arbitrary states reduces to a trivial optimization process. We apply the
measure to a distillation of entanglement experiment and discuss its operational significance. Finally, we
propose an extension of this measure for the multipartite case.

Quantifying entanglement is a non-trivial task, since various measures exist with different operational mean-
ings, and most of them lack an analytical expression. Among several entanglement measures, entanglement of
formation (EoF) is of significant importance, due to its well-defined physical meaning, i.e., EoF quantifies the en-
tanglement of a state in terms of the entropy of entanglement of the least entangled pure state needed to prepare
it [1]. For a given bipartite state σ̂ :=

�
i pi|ψi��ψi|, EoF is given by the convex-roof extension of the reduced von

Neumann entropy of |ψi�. For the Gaussian regime EoF is given by E(σ) := infσpi
{H2(σpi) |σ = σpi + φi} ,

where H2 is the entropy of entanglement of a pure state σp and φ a positive semi-definite matrix. Using
the method of “anti-squeezing” [2, 3] we derive narrow analytical lower and upper bounds to the EoF, i.e.,
E−(σ) � E(σ) � E+(σ). The two bounds become tight for a wide range of states but they can also be con-
sidered quite faithful for highly pure states. Since we have an analytical expression for those two bounds we
can easily find the exact value of the measure by either maximizing the lower bound or minimizing the upper
bound.

We analyse a continuous variable measurement-based entanglement distillation experiment using a variety
of entanglement measures. The main conclusion drawn from this analysis [4] is that the most commonly
used entanglement measure, i.e., logarithmic negativity, can fail to capture important properties of distillation
protocols that are captured by EoF (see also [2, 5]).

In order to extend EoF to multipartite entangled states we need a multipartite version of the von Neumann
entropy. Based on Ref. [6] we use a specific form of the α-entanglement entropy defined in the following

way: HN := 1
2

�N
i H2(σpi) . Thus, we define the multipartite EoF (analogously to the bipartite case) as the

convex-roof extension of the reduced multipartite von Neumann entropy (as defined above), i.e., EN (σ) :=
infσpi

{HN (σpi) |σ = σpi + φi} , that reduces to the bipartite EoF when only 2 of the N modes are entangled
with each other.
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Abstract	
	

						We	introduce	optical	lock-in	detection	in	photon	counting	to	enhance	the	extraction	of	information	in	
“quantum-light	spectroscopy,”	based	on	using	time-frequency	entangled	photon	pairs	to	probe	a	molecular	
sample.	The	sample	is	placed	inside	a	Mach-Zehnder	interferometer,	into	which	photons	are	injected,	and	
detected	in	coincidence	at	the	interferometer	output.	Clear	signatures	of	two-photon	interference	(both	Hong-Ou-
Mandel	and	‘N00N’)	are	observed	and	separated	into	distinct	information	channels.	In	addition	to achieving	an	
increased	signal-to-noise	ratio	(SNR)	at	low	count	rates,	the	experiment	uses	a	“down-sampling”	technique	that	
increases	the	efficiency	of	data	collection	by	an	order	of	magnitude.	

	
Time-frequency	entangled	photon	pairs	(EPP)	are	a	promising	resource	for	enhancing	nonlinear	

spectroscopy	and	metrology.	Such	bi-photon	states	can	be	created	tightly	correlated	in	time	while	also	being	
anti-correlated	in	frequency,	such	that	the	sum	of	the	photon	energies	is	sharply	defined.	The	short	correlation	
time	(~20	fs)	allows	EPP	to	play	a	role	similar	to	that	of	ultrashort	laser	pulses	in	multidimensional	
spectroscopy	[1].	At	the	same	time,	the	entanglement—analogous	to	the	EPR	state—enables	high	spectral	
resolution	of	two-photon	molecular	absorption	features.	Earlier	we	proposed	entangled-photon-pair	two-
dimensional	fluorescence	spectroscopy	(EPP-2DSF)	[2].	

We	introduce	optical	lock-in	detection	to	increase	SNR	in	EPP	coincidence	detection,	leading	toward	
implementation	of	the	EPP-2DFS	method.	The	method	presented	here	uses	a	Mach-Zehnder	interferometer	
(MZI)	with	a	linear-response	sample	in	one	internal	path,	allowing	both	amplitude	and	phase	information	to	
be	acquired	simultaneously.	EPP	enter	one	MZI	port	and	are	detected	in	coincidence	at	a	single	output	port	as	
a	function	of	interferometer	delay.	Our	scheme	uses	a	“down-sampling”	technique,	analogous	to	the	methods	
used	in	the	“classical”	2DFS	scheme	developed	by	one	of	us	[3].	By	introducing	a	relative	phase	modulation	
between	MZI	arms,	injecting	a	reference	laser	beam	into	the	MZI,	and	locking	the	detection	to	multiples	of	the	
difference-modulation	frequency	f,	we	increase	SNR	and	reduce	the	number	of	samples	needed.		

	
	 Fig.	1.	Coincidence	rate	vs.	MZI	delay,	with	no	

internal	sample.		
(a)	Fully-sampled,	with	15	nm	delay	steps.	(b-
d)	Down-sampled	coincidence	rate	using	150	
nm	delay	steps,	lock-in	detected	relative	to	the	
difference	frequency	modulation	f		between	
the	signal	photon	carrier	frequency	and	a	
reference	laser	detuned	from	the	signal	
carrier.	(b)	at	zero	modulation	frequency,	
Hong-Ou-Mandel	peak;	
(c)	at	the	modulation	frequency	f,	
one-photon	interference;	
(d)	at	twice	the	modulation	frequency	2f	-	
NOON-state	interference.		

	
[1]	K.	E.	Dorfman,	F.	Schlawin,	and	S.	Mukamel,	Nonlinear	optical	signals	and	spectroscopy	with	quantum	light,	Rev.	Mod.	
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Abstract

We report the first device-independent certification of entanglement distribution over a macroscopic
distance. Our setup consists of two single Rubidium atoms in traps separated by 398 m and connected with
a 700 m fiber link. This quantum link is suitable for integration in a quantum network enabling a guarantee
for security which is independent of the actual implementation.

Certification of complex devices is an important requirement for their application, especially in security-
related scenarios. One of the strongest ways to test components is the so-called ”device-independent” one,
where no knowledge about or trust in their internal workings is required. Self-testing is a method for device-
independent certification of entanglement using the result of a Bell test. Here we present the successful distribu-
tion of entanglement over 398 meters confirmed by the device-independent certification of the Bell state fidelity.
For this we extended the self-testing formalism, accounting for the finite statistics and small imperfections of
the employed random number generators to give reliable confidence intervals for the average state fidelity [1].

The key ingredients of our experiment are heralded entanglement of single trapped 87Rb atoms distributed
over a distance of 398 m. To achieve this two remote atoms are independently optically excited to emit a
photon each, whose polarization is entangled with the respective atomic spin states. The photons are sent to
a station where a Bell state measurement is implemented with a fiber beamsplitter followed by a polarizing
beamsplitter at each output port and four single photon detectors. The detection of two-photon coincidences
swaps the entanglement to the atoms and heralds its creation. The heralding signal triggers a highly reliable and
fast atomic state readout based on state selective ionization and subsequent detection of ionization fragments.
This setup enabled us to violate Bell’s inequality while closing the major experimental loopholes [2], which
also guarantees all requirements for device-independent certification [1] without auxiliary assumptions. The
employed method for entangling remote quantum memories forms a basic building block of future quantum
networks.

In contrast to the Bell experiment [2] we now employ a pre-selection on the heralding events based on an
ab-inito model of the entanglement creation. This allows to optimize the experimental process for a higher state
fidelity at the cost of event rate. We report a device-independent state fidelity of F ≥ 55.54% with a confidence
level of 99% for the Ψ- Bell state. The demonstrated result is the first device-independent certification of
entanglement distribution. As it is based on a loophole-free Bell test, the certification does not rely on any
assumption about the Hilbert space dimension or on how the preparation or measurement devices work. This
proves that our link guarantees security that is independent of the details of the actual implementation.

[1] J.-D. Bancal, K. Redeker, P. Sekatski, W. Rosenfeld, N. Sangouard, Device-independent certification of an
elementary quantum network link, arXiv:1812.09117 (2018).

[2] W. Rosenfeld, D. Burchardt, R. Garthoff, K. Redeker, N. Ortegel, M. Rau, H. Weinfurter, Event-Ready
Bell Test Using Entangled Atoms Simultaneously Closing Detection and Locality Loopholes, Phys. Rev.
Lett. 119, 010402 (2017).
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Abstract: We report on a quantum-based measurement of index difference for fiber laser
applications. Based on an interferometric setup, we demonstrate a state-of-the-art high-
accurate measurement of Δn = 5,0.10−4 ± 1.10−5 thanks exploitation of peculiar proper-
ties of quantum photonics. © 2019 The Author(s)

The development of fiber laser relies on the accurate knowledge of the refractive index difference [1]. Quantum
metrology is one of the promising field enabled by quantum technologies. It allows to get precise results compare
to classical methods when measuring physical properties. A very common approach is to inject non classical
states of light in interferometers to increase accuracy as well as sensitivity. Recently, this scheme has been used
for detecting gravitationnal waves for example [2]. Here, our goal is to take benefits of these capabilities to gather
optical fiber photonic engineering with quantum optics to present high-accuracy and dispersion-free measurement
of refractive index difference in original optical fibers. This knowledge is required in several fields of interest as in
high- density energy transport in large mode area optical fibers. The conception of such fibers has become a very
challenging technological issue based on a 10−5 precision knowledge of the used materials refractive index [1].
Our work is a step forward to break down the barriers of essential technologies for developping the next generation
of fiber laser.
The principle of the method is based on quantum optical coherence tomography (QOCT). We perform a Hong-Ou-
Mandel (HOM) measurement of the relative delay between broadband photon pairs. We generate entangled photon
pairs in a periodically poled lithium niobate waveguide. The photons are directed to a Michelson interferometer
in which one arm is the length-tunable free-space reference, and the other comprises the fibre under test. In our
experimental arrangement, we observe quantum interference of two kinds. First, when indistinguishable photons
return back to the beam-splitter (BS), they bunch together via Hong-Ou-Mandel (HOM) interference. In our case,
this leads to the observation of a HOM peak. In order to measure refractive index differences, we use a dual-
core FUT where each core was produced with slightly different parameters. By moving step-by-step the fibered
arm using a nano-positionner, one can play on the photons indistinguishability, and by a simple coincidence
measurement scheme describe the typical figure of merit showed in figure 1. Doing the same measurement one
core after the other, it is possible to infer the index difference between the two materials that composed the two
cores. We measured a test optical fiber to validate our approach and have found Δn = 5,0.10−4 ± 1.10−5.

Fig. 1. HOM measurement showing coincidence counts versus the nano-positionner position.

1. R. Dauliat et al., Demonstration of a homogeneous Yb-doped core fully aperiodic large-pitch fiber laser,
Applied Optics 55 (2016).

2. B. P. Abbott et. al., Observation of Gravitational Waves from a Binary Black Hole Merger, Phys. Rev. Lett.
116, 061102 (2016).

158



Survival of quantum entanglement in transmission without plasmonic

resonance

M. Remy1, B. Bokic2, M. Cormann1,2, W. Kubo3, Y. Caudano1, and B. Kolaric2,4

1 Department of Physics, University of Namur, Rue de Bruxelles 61, 5000 Namur, Belgium
2 Institute of Physics, University of Belgrade, Pregrevica 118, 11080 Belgrade, Serbia

3 Department of Electrical and Electronic Engineering, Tokyo University of Agriculture and Technology,

2-24-16 Naka-cho, Koganei-shi,Tokyo 184-8588, Japan
4 Micro- and Nanophotonic Materials Group, University of Mons, Place du Parc 20, 7000 Mons, Belgium

Abstract

We report a study of the influence of a thin gold film on the transmission of polarization-entangled
photon pairs using quantum tomography to compare the state of the system with and without metallic film.
Measurement is done with either a plasmonic nanostructures or a continuous, planar gold film. We find that
plasmonic resonances are not responsible of the robustness of entanglement. At normal incidence, quantum
entanglement is preserved also with the continuous metallic film, in consequence of the equality between
transmission coefficients for polarizations s and p. This result reduces the need of plasmonic nanostructures
when intensity of transmitted signal is sufficient.

As shown in the literature, a periodic array of subwavelength nanostructures on a metallic film enables
coupling of light with localized surface plasmons: the latter allow greatly enhanced transmission at resonance
[2-4] with preservation of entanglement [5,6]. We studied entanglement preservation after the interaction of
polarization-entangled photons with such materials using quantum tomography. The near-infrared (818 nm)
polarization-entangled photons pairs are produced by parametric downconversion using two identical type-I
BBO-crystals with orthogonal optical planes. The sample is placed through one of the two optical paths of
the degenerate photon pairs. In each photon path, quarter and half waveplates placed in front of a polarizing
beamsplitter select the basis of the polarization measurement. Photons are finally detected with four single-
photon counting modules and coincidences are recorded using a field-programmable gate array coincidence
counter. The quantum state of the pairs before and after their interaction with the sample is determined by
quantum tomography using the code developed by Paul Kwiat’s quantum information group [1]. With this
estimation of the quantum state, we evaluated different quantum features of the system, like the experimental
state fidelity with respect to the maximally entangled Bell state theoretically produced F (φ+,σi), and with
respect to the state before the sample F (ρ0,σi), and the entanglement of formation Ef (σi). These properties
quantify the influence of the film on the entanglement and polarization state of the photon pairs.

Similarly, we investigated the need of plasmonic resonances by studying the survival quantum entanglement
after transmission through a continuous, planar gold film, in function of the angle of incidence. Our experi-
mental and theoretical results show that, at normal incidence, the sample does not affect the polarization of
transmitted photons. Consequently, entanglement is preserved even though the total number of detected cor-
relations decreases. When increasing the angle of incidence, the different transmission coefficients for s and p
polarizations decrease entanglement, as the sample starts to behave as a partially polarizing device. In com-
parison to nanostructured samples, our results on the flat, thin film of gold indicate that the interaction with
surface plasmons at resonance enhances transmission. However, it does not play a role on the robustness of the
quantum entanglement for the photon pairs that are transmitted.
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(2005)

[2] Ebbesen T W, Lezec H J, Ghaemi H F, Thio T, and Wolff P A, Nature, 391 667-669 (1998)

[3] Martin-Moreno L, Garcia-Vidal FJ, Lezec H J, Pellerin K M, Thio T, Pendry J B, and Ebbesen T W,
Phys. Rev. Lett. 86 1114- (2001)

[4] Ghaemi H F, Thio T, Grupp D E, Ebbesen TW, and Lezec H J, Phys. Rev. B 58 6779-6782 (1998)

[5] E.Altewischer, M.P.Van Exter, and J.P.Woerdman, Nature, 418 304-306 (2002)

[6] Olislager L, Kubo W, Tanaka T, Ungureanu S, Vallée R, Kolaric B, Emplit P, and Massar S, Nanophotonics
4 324-331 (2015)

159



Squeezed state measurement using multipixel homodyne detection

P. Renault1, A. Davis1, T. Michel1,2, Y-S. Ra1, C. Fabre1, V. Parigi1, and N. Treps1

1Laboratoire Kastler Brossel, UPMC-Sorbonne Universités, CNRS, ENS-PSL Research University, Collége de France, 75005 Paris, France
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Abstract
Multimode non-classical states of light in the ultrafast regime represent promising candidates for practical

quantum information protocols due to their high dimensionality and scalability. Such applications require
controllable state preparation and measurement techniques. We generate such states using a nonlinear
optical cavity pumped synchronously with an ultrafast pulse train, and control the modal properties of these
states with highly tunable spectral-temporal manipulation of the pump pulse train. The multimode state
at the output of the cavity is then fully reconstructed by simultaneous homodyne measurements of eight
spectral modes.

Entanglement among multiple modes is a necessary resource in the field of quantum information technol-
ogy. In this context, frequency comb sources of femtosecond pulsed light represent a useful resource, with
approximately 105 individual frequency modes across the pulse bandwidth. It has been recently shown[1] that
a synchronously pumped optical parametric oscillator (SPOPO) can generate highly multimode nonclassical
states of light (Fig. 1a). Frequency-doubled pulses from a Ti:Sapph laser are propagated in a nonlinear crystal
(BiBO) with round-trip time matched to the pump pulse train cycle time. Correlations appear among the many
spectral modes of the frequency comb of the down converted light, giving rise to a squeezed vacuum state at
795 nm centre wavelength with a highly multimode structure. The SPOPO is thus a promising candidate as a
broadband nonclassicality resource.
The quantum state of the output of the SPOPO is determined by the phase matching conditions, cavity reso-
nance mode, and the mode properties of the pump [2]. A high degree of control over the mode structure of the
output can thus be achieved by shaping the spectral mode of the pump beam using a pulse shaper ,The nonclas-
sical output states can then used as a resource for diverse applications such as non-Gaussian state preparation
via photon substraction and measurement-based quantum computation (MBQC) protocols [3].
To verify the effectiveness of the pump shaping, we measure the SPOPO output state using spectrally resolved
homodyne detection. To this end, we have developed a multipixel homodyne detection scheme which allows
us to simultaneously monitor quadrature variance in eight spectral modes. This allows the reconstruction of
the complete covariance matrix and hence, assuming Gaussianity, provides full information about the quantum
state. We performed full Gaussian state reconstruction on the cavity output for several pump pulse profiles and
compare with earlier theoretical results.

Laser source
BiBO

BiBO

- - - - - - - -

SPOPO 
cavityLO  

pulse shaper
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multipixel  
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Figure 1: scheme of the experiment
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Abstract

We show that boson sampling is classically simulable in the presence of linear loss (constant per-photon
transmission). We discuss the impact that this has on experimental efforts to demonstrate a quantum
advantage.

In recent years, interest in quantum information processing has focused onto small-scale quantum computing
machines, which could perform single tasks of scientific or technological interest faster than classical computers,
and which can be constructed with current or near-future technology. An important milestone on the way
to such a device is a demonstration of a quantum advantage, i.e. a problem at which a quantum machine
convincingly outperforms a classical computer. Such problems could either be of practical interest (e.g. in
quantum chemistry) or specifically set up for the purpose of demonstrating a quantum advantage.

One promising candidate for the demonstration of a quantum advantage is boson sampling, where the
task is to provide samples of the output of a system of many bosons undergoing interference. Aaronson and
Arkhipov [1] provided strong evidence that this task cannot be simulated efficiently (i.e. in polynomial time)
on a classical computer. The presence of computational hardness means that as the system size increases, the
classical computer is increasingly at a disadvantage. The point where a boson sampler is expected to outperform
a supercomputer is around 50 bosons, an observation that has spurred a range of experimental efforts.

However, a major obstacle to demonstrating a quantum advantage is our lack of understanding of the impact
of experimental imperfections. While for small imperfections, boson sampling was shown to retain its hardness,
experimentalists typically have to deal with large imperfections. In that case, there is no a priori reason why
claims of computational hardness could be maintained.

In our recent work [2], we simultaneously address the role of the two major imperfections in bosonic many-
body interference, namely distinguishability and linear particle loss. We will demonstrate a classical simulation
algorithm for many-body bosonic interference where each boson has a fixed probability η to be transmitted
through the experiment and may also have some degree of distinguishability x. This work extends our previous
algorithm [3], which considered only distinguishability, to a combination of losses and distinguishability.

We find that any interference of n bosons with loss η < 1, where m bosons survive is well approximated
by polynomially many ideal coherent interference processes of size k ≤ m, supplemented with m − k classical
bosons. Remarkably, k only depends on parameters which are independent of the number of photons undergoing
interference, such η and x. Therefore, boson sampling with losses η is only as hard as computing a permanent of
size k and it therefore serves no purpose to construct lossy boson samplers of size larger than k. We show that
such a k exists for any level of losses or distinguishability, thereby showing that boson sampling is non-scalable
for any level of imperfections.

Considering the finite-size case, we find that a transmission of η > 0.88 is necessary to simulate boson
sampling with 50 bosons at an accuracy level of 10%, and that the current best boson sampling platforms
technologies are restricted to interference of 21 bosons under the same criterion. This shows that achieving a
demonstration of a quantum advantage through boson sampling requires more than the construction of high-
rate, large-scale photonic systems, as was demonstrated previously [4]: it also requires a qualitative improvement
in the equipment used.

[1] S. Aaronson and A. Arkhipov, Theory Comput. 9, 143 (2013).
[2] J.J. Renema, V. Shchesnovich, R. Gacria-Patron, arXiv 1809.01953 (2018).
[3] J. J. Renema et al., Phys. Rev. Lett. 120, 220502 (2018).
[4] A. Neville et al., Nat. Phys. 13, 1153 (2017).
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Abstract

We present a theoretical investigation of the measurement induced nonlinearity in two-mode interferom-
eter. We discuss the occurrence of two-mode squeezing, entanglement and nonclassical correlation verifying
the violation of the Cauchy-Schwarz inequality in such a system. The influence of the phase and detection
probability on the induced nonlinearity is analysed.

In optics, nonlinear effects can lead to various transformations of light. Parametric down-conversion (PDC)
and four-wave mixing (FWM) are nonlinear effects that can generate entangled photons, quadrature squeezing,
and other nonclassical effects. The generation of these effects typically requires strong light intensities. Another
way of creating such nonlinear transformations in quantum optics is creating so-called measurement-induced
nonlinearities (MINL) [1, 2, 3], where nonlinear effects can be acquired by applying detection. The advantage of
using detection compared to PDC and FWM is that fewer incident photons are required to generate nonclassical
effects. However, acquired effects have a probabilistic nature. In our work, we model a two-mode interferometer
with different input states such as a coherent state and a single photon state and apply the detection to each
channel, Fig. 1(left). We analyse the acquired nonclassical properties such as entanglement, two-mode squeezing

Δ(X̂a − X̂b) < Δvac, X̂i = (âi + â†
i )/

√
2 and the violation of the Cauchy-Schwarz inequality I < 0 (Eq. (1)) in

the output state.

I =

�
�a†2a2��b†2b2�
�a†ab†b� − 1 (1)

With certain combinations of system parameters, the detection leads to two-mode squeezing, which is absent
without detection, Fig. 1 (right). These results will be used for a theoretical description of quantum photonic
chips with superconducting detectors embedded into an integrated platform.

Fig. 1(left). A schematic representation of the investigated circuit: two waveguides (blue) with 4 beam-splitters
(red), one phase modulator (cyan) and two detectors in the middle (black). Fig. 1(right). Two mode squeezing
vs modulation phase. Input states are the coherent state with α = 1 and a single photon state. The blue
curve corresponds to a global maximum of squeezing for the interferometer without detectors. The red curve
corresponds to a global maximum of squeezing for the scheme where only one of two detectors clicks with
threshold probability higher than Pcrit = 0.1. The dark area below 0 represents two-mode squeezed light.

[1] Stefan Scheel, Kae Nemoto, William J. Munro, and Peter L. Knight, Phys. Rev. A 68, 032310 (2003).

[2] A. I. Lvovsky and J. Mlynek, Phys. Rev. Lett. 88, 250401 (2002).

[3] Tim J. Bartley, Gaia Donati, Justin B. Spring, Xian-Min Jin, Marco Barbieri, Animesh Datta, Brian J.
Smith, and Ian A. Walmsley, Phys. Rev. A 86, 043820 (2012).
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Abstract

We present a new approach towards the realization of integrated multiplexed quantum memories, based
on laser written waveguides in rare-earth doped crystals. We will report our recent efforts using laser-written
waveguides in Pr3+:Y2SiO5, including experiments showing the storage and retrieval of non-classical light
and of frequency multiplexed single photons.

Photonic quantum memories are important devices for the realization of scalable photonic quantum informa-
tion architectures, including quantum repeaters and quantum information networks. In recent years, impressive
progress has been realized, using atomic and solid-state systems. In order to progress towards the use of quan-
tum memories into complex large scale architectures, it is desirable to find an approach where a large number
of memories can be duplicated and where a large number of qubits can be stored in each memory. Multimode
quantum memories would greatly help the scaling of quantum networks by decreasing the entanglement dis-
tribution time between remote quantum nodes [1]. An interesting advantage of using a solid-state approach
for quantum memories is that it lends itself naturally to integrated designs. Rare-earth (RE) doped crystals
are promising candidates as integrated photonic quantum memories as they offer excellent coherence properties
comparable to those of atomic systems, but provide naturally trapped ions free of the drawbacks deriving from
atomic motion. Several approaches have been pursued in that direction [2, 3].

In this talk, I will present a new approach towards the demonstration of solid-state integrated quantum
memories, using laser-written waveguides [4]. This technique provides a versatile and cost-effective technique
allowing the realization of complex memory enabled photonic networks. We have shown that the laser writing
in our Pr3+:Y2SiO5 crystal preserves to a large extent the ion coherence. In addition, we also showed that
laser written-waveguides can be used to store single heralded photons created by cavity enhanced spontaneous
down-conversion with storage time hundred time larger than previous demonstrations in waveguide [5]. Finally,
we have demonstrated the quantum storage of a frequency multiplexed heralded single photon containing 15
spectral modes for a duration of 3.5 µs, using the atomic frequency comb scheme [6]. As this scheme is inherently
multimode in time, each frequency mode is stored in 9 temporal modes, leading to a total number of modes
of 135. Combined with the unique 3D fabrication capability of femtosecond laser writing, these results open
prospects for the realization of massively multiplexed integrated quantum memories.

[1] C. Simon, H. de Riedmatten, M. Afzelius, N. Sangouard, H. Zbinden, and N. Gisin, Quantum Repeaters
with Photon Pair Sources and Multimode Memories, Phys. Rev. Lett. 98, 190503 (2007)

[2] E. Saglamyurek, N. Sinclair, J. Jin, J. A. Slater, D. Oblak, F. Bussières, M. George, R. Ricken, Wolfgang
Sohle and W. Tittel Broadband waveguide quantum memory for entangled photons, Nature 469, 512 (2011)

[3] T. Zhong, J. M. Kindem, J. G. Bartholomew, J. Rochman, I. Craiciu, E. Miyazono, M. Bettinelli, E.
Cavalli, V. Verma, S. W. Nam, F. Marsili, M. D. Shaw, A. D. Beyer, A. Faraon, Nanophotonic rare-earth
quantum memory with optically controlled retrieval, Science, 357, 1392-1395 (2017).

[4] G. Corrielli, A. Seri, M. Mazzera, R. Osellame and H. de Riedmatten, An integrated optical memory based
on laser written waveguides, Phys. Rev. Applied 5, 054013 (2016)

[5] A. Seri, G. Corrielli, D. Lago-Rivera, A. Lenhard, H. de Riedmatten, R. Osselame and M. Mazzera, Laser-
written integrated platform for quanum storage of heralded single photons, Optica 5, 934 (2018)

[6] A. Seri, D. Lago-Rivera, A. Lenhard, G. Corrielli, R. Osellame, M. Mazzera, H. de Riedmatten, Quantum
Storage of Frequency-Multiplexed Heralded Single Photons, arXiv:1902.06657
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Abstract

Nowadays, link distance is the main limitation for practical performances of Quantum Key Distribution
(QKD) in order to secure the communication between two nodes of a classical or quantum network. In this
work, we calculate the probability distribution of a satellite-to-ground QKD based in continuous variables
to simulate different satellite passages with realistic experimental parameters. In this way we calculate
the key rates for different satellite altitudes and propose the use of the classical beacon for improving the
performance in the case of LEO (Low-Earth-Orbit) satellites.

Achievable distance remains one of the main limitations in quantum key distribution (QKD) systems. Satel-
lite communications is one of the most promising technology for establishing a quantum network where the
nodes are secure by QKD at a global scale. A decoy-state Discrete-Variable (DV) QKD protocol link of 1200
km has been recently achieved using a low Earth orbit (LEO) satellite [1] proving the feasibility of this approach,
but many challenges remain to be solved before QKD over satellite becomes a commercial reality.

Continuous-variable QKD is an alternative to DV-QKD that uses the quantum quadratures of the elec-
tromagnetic field to encode the information. One of the reasons why CVQKD is nowadays a very interesting
candidate is that most of the components are available off-the-shelf from telecom industry. Additionally, its
measurement technique (homodyne or heterodyne detection), acts as a natural filter to undesired components.
Although CV-QKD is a mature technology which has been successfully implemented in fiber [2] and in real
scenarios [3], satellite communications present new scientific and technological challenges.

The main difference with respect to the fiber case is the attenuation in the channel. In practical scenarios
the attenuation will typically exceed 20 dB, but the quadratic increase of the attenuation in vacuum allows
communication over higher distances. Another special characteristic of mobile free-space communications is
the inevitable variation of the attenuation with time that will be a function of the slant distance between the
transmitter and the receiver. Also, as the optics have to be aligned during the communication, the fluctuations
due to pointing will introduce a fading effect in the received signal.

In our work we propose a feasibility analysis of CV-QKD considering a satellite-to-ground communication for
different satellite perigees using an auxiliary classical beacon to recover the local oscillator phase and estimate the
transmittance. For each satellite passage we calculate probability distribution of the transmittance, computing
the fading effects considering realistic experimental parameters for the optics and the pointing systems.

We propose a method to measure the fading excess noise in the generated secret key. We show that without
further processing no key could be achieved. To solve this problem we classify the received quantum symbols
into sets (bins) in function of the transmittance of their corresponding classical beacons. We recalculate the
expected excess noise after applying this binning and we show that we can overcome the fading and generate
secret key over a passage. As we ascend to MEO orbits we show that the effect of fading is reduced and the
limiting factor is the excess noise introduced in the local oscillator recovery. The whole analysis assumes realistic
technological parameters and we consider it a useful tool to dimension a CV-QKD satellite-to-ground link.

[1] Liao et al. Satellite-to-ground quantum key distribution, Nature 549, pp. 43-47 (2017).

[2] Jouguet et al. Experimental demonstration of long-distance continuous-variable quantum key distribution,
Nature Photonics 7, pp. 378-381 (2013).

[3] Yi-Chen Zhang et al. Continuous-variable QKD over 50km commercial fiber, (2017)
[https://arxiv.org/abs/1709.04618].
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Jesús Rubio1, Paul A. Knott2, and Jacob A. Dunningham1

1 Department of Physics and Astronomy, University of Sussex, Brighton BN1 9QH, UK
2 Centre for the Mathematics and Theoretical Physics of Quantum Non-Equilibrium Systems (CQNE),

School of Mathematical Sciences, University of Nottingham, University Park, Nottingham NG7 2RD, UK

Abstract
We address the multi-parameter problem of estimating a set of linear functions of several parameters that

have been encoded in a sensor-symmetric quantum sensing network. Relying on the fact that entanglement is
known to play a relevant role in this scenario, we use the quantum Cramér-Rao bound to find the relationship
between the geometry of the transformation defined by the linear functions and the amount of inter-sensor
correlations of the network. Finally, we perform a full Bayesian analysis of some of our schemes to analyse
whether the conclusions derived in this way are still valid in the regime of limited data.

Over the last few years quantum metrology has evolved from well understood single-parameter cases to
multi-parameter scenarios with a vast set of unexplored possibilities in terms of new ways of enhancing our
estimation protocols. One of the key ideas in this context is to exploit the type of correlations that these
scenarios can offer and, in particular, to establish under which circumstances these correlations can be useful
or detrimental. This was precisely the idea behind the quantum sensing network model introduced in [1, 2].

Within that framework it is possible to show that entanglement can play a crucial role whenever we are
interested in estimating functions of the parameters that were originally encoded in the network in a local way,
so that these functions can be seen as global properties. The goal of this work is then to explore how the
nature of a given global property determines the type and amount of correlations that the probe state must
have for the scheme to be optimal, and for the sake of simplicity, we make two assumptions: a) the state is
sensor-symmetric, and b) the global properties are represented as a collection of linear functions.

Figure 1: Space of linear functions for a two-parameter network. The solid arrows indicate the directions
associated with a maximum amount of entanglement, while the dashed arrows are functions to be estimated.

Using the quantum Cramér-Rao bound first, we show the relationship between the correlations of this network
and the geometry of the linear functions, finding that for this type of state the are two privileged subspaces
in the space of linear functions that associated with a maximum correlation. On the other hand, since in
our particular case the quantum Cramér-Rao bound is only meaningful asymptotically, we perform a Bayesian
analysis following the methods introduced in [3] in order to check whether our conclusions are still valid in
the regime of limited data as defined in [4]. Our results provide, therefore, a first look into two new regimes
in multi-parameter metrology: the estimation of more than one global property and the performance of the
protocol for a low number of trials.

[1] Timothy J. Proctor, Paul A. Knott, and Jacob A. Dunningham, Multiparameter Estimation in Networked
Quantum Sensors, Phys. Rev. Lett. 120, 080501 (2018).

[2] Timothy J. Proctor, Paul A. Knott, and Jacob A. Dunningham, Networked quantum sensing, arXiv:
1702.04271 (2017).

[3] Jesús Rubio, Paul A. Knott and Jacob A. Dunningham, Non-asymptotic analysis of quantum metrology
protocols beyond the Cramér–Rao bound, J. Phys. Commun. 2, 015027 (2018).

[4] Jesús Rubio and Jacob A. Dunningham, Quantum metrology in the presence of limited data, New J. Phys.
in press (2019).
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Abstract

We report on the experimental realization of a novel quantum metrology scheme based on motional Fock
states in a trapped ion system. By measuring the overlap between a Fock state and the displaced Fock
state, a displacement resolution below the standard quantum limit (SQL) independent of the displacement
direction is possible. We demonstrate that this Fock-state metrology scheme can be employed to measure
small forces as well as trapping frequencies with a resolution below the SQL. Among other applications,
non-destructive state detection of molecular ions can benefit from this technique.

Advances in the ability to control quantum systems together with the suppression of classical noise originating
from technical imperfections, has led to the emergence of sensors that are limited in their performance by
quantum noise. For more than thirty years it has been known that certain types of non-classical states can
reduce the effect of quantum noise and thus enhance the sensitivity of measurement devices beyond the classical
limit [1]. Taking advantage of this sub-SQL sensitivity requires not only the preparation of the non-classical
state with high fidelity, but also the prevention of signal loss in the entire measurement protocol. This has been
achieved e.g. with squeezed states and Schrödinger-cat or N00N states in interferometric settings with photons
and atoms. A common restriction of these types of non-classical states is the need for control over the relative
phase between the state creation and the measurement interaction. In a phase-space picture, squeezing along
the displacement direction enhances the sensitivity for amplitude measurements, but weakens the sensitivity for
phase evolution measurements. Here we present sub-SQL measurements of amplitude and phase evolution of the
motional state of a trapped ion using the same motional Fock state [2]. This is enabled by the implementation
of a novel measurement scheme that allows direct detection of individual Fock state populations. We realize a
displacement or force sensor by varying the amplitude of the ion’s oscillation while the phase is kept constant.
By using the same motional quantum state in a different protocol, the Fock state is displaced with a fixed
amplitude in a Ramsey-like interferometry sequence to measure the phase evolution of the ion’s oscillation.
This implements a measurement of the oscillation frequency of the ion in the trap. Furthermore, we show
that Fock states are optimal for sensing displacements for which the phase between creation and measurement
interaction is unknown [2].

Besides applications in the measurement of small optical and electrical forces, this scheme could improve
non-destructive state detection of a molecular ion using quantum logic techniques [3, 4].

[1] C. M. Caves, ”Quantum-mechanical noise in an interferometer,” Phys. Rev. D 23, 1693 (1981).

[2] F. Wolf, C. Shi, J.C. Heip, M. Gessner, L. Pezzè, A. Smerzi, M. Schulte, K. Hammerer, and P.O. Schmidt,
”Motional Fock states for quantum-enhanced amplitude and phase measurements with trapped ions,”
arXiv:1807.01875 (2018).

[3] P. O. Schmidt, T. Rosenband, C. Langer, W. M. Itano, J. C. Bergquist, and D. J. Wineland, ”Spectroscopy
Using Quantum Logic,” Science 309, 749–752 (2005).

[4] F. Wolf, Y. Wan, J. C. Heip, F. Gebert, C. Shi, and P. O. Schmidt, ”Non-destructive state detection for
quantum logic spectroscopy of molecular ions,” Nature 530, 457–460 (2016).

166



Topological effects in active media

Henning Schomerus,
Department of Physics, Lancaster University, Lancaster, LA2 4YB, UK

Abstract

Many prospective applications of topological photonics involve intrinsically nonlinear media with gain
and loss, such as encountered in lasers, plasmonic structures, or excitonic condensates. I describe how
symmetries known from the linear context extend to these situations. This allows us to define topologically
protected, dynamically stable states, including stationary states replicating zero modes and power-oscillating
states. These considerations also determine the quantum-limited noise in the system.

Electronic topological systems such as insulators or superconductors depend on the interplay of three fun-
damental symmetries—time-reversal symmetry, chiral symmetry and charge-conjugation symmetry—as well as
the number of spatial dimensions in which the system is realized. The last decade has seen considerable efforts
to formulate a photonic counterpart of this framework. The main complications—gain and loss that change the
particle number, as well as interactions and nonlinearities—have only been tackled incompletely. First, while
the same three symmetries mentioned above still play an important role in nonconserving media, their interplay
is much richer. This leads to a very large class of possible scenarios, in which topological phases also involve
the lifetime of the modes [1]. As a consequence one can encounter topological effects that only appear beyond
a threshold value of gain and loss (hence do not have an electronic counterpart) [2]. For many of these effects
only spectral characterizations exist, while the status of the bulk-boundary principle (which underpins much of
the research in the electronic setting) is unclear. Secondly, a similar emergence of new topological effects also
appears from nonlinearities. such as induced by bosonic interactions or gain saturation [3].

After motivating these complications by the cited examples, I will argue that topological lasers and conden-
sates provide a concrete physical platform for which some practical progress can be made. For such systems the
lifetime of modes has a direct bearing on the mode competition, while nonlinearities are essential to stabilize
the systems at their working point. It turns out that the charge-conjugation symmetry—originally encountered
in superconducting settings—naturally extends to these cases. In the linear setting one obtains a mode com-
petition in which topologically protected modes can be naturally favoured [1, 4]. For this one exploits that the
topological modes break a symmetry in a very concrete manner [5], which tells us how to distribute the gain.
Furthermore, as the charge-conjugation symmetry preserves the arrow of time it can be extended into a dyna-
mical symmetry [3, 6], which allows precise definitions of symmetry-protected stationary modes (which do have
a linear counterpart) and symmetry-protected nonstationary modes (which do not have a linear counterpart,
and turn out to be automatically periodic). Topological lasers and condensates that operate by these principles
have been realized in a range of recent experiments [7].

[1] H. Schomerus,Topologically protected midgap states in complex photonic lattices, Opt. Lett. 38, 1912 (2013).
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[4] C. Poli, M. Bellec, U. Kuhl, F. Mortessagne, and H. Schomerus, Selective enhancement of topologically
induced interface states in a dielectric resonator chain, Nat. Commun. 6, 6710 (2015).

[5] S. Barkhofen, L. Lorz, T. Nitsche, C. Silberhorn, and H. Schomerus, Supersymmetric Polarization Anomaly
in Photonic Discrete-Time Quantum Walks, Phys. Rev. Lett. 121, 260501 (2018).

[6] S. Malzard and H. Schomerus, Nonlinear mode competition and symmetry-protected power oscillations in
topological lasers, New J. Phys. 20, 063044 (2018).

[7] P. St-Jean et al., Nat. Photon. 11, 651 (2017); H. Zhao et al., Nat. Commun. 9, 981 (2018); M. Parto et
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Abstract

The generation of ultrafast laser pulses and their reconstruction is essential for many applications in
modern optics. Quantum optical fields can also be generated on ultrafast time scales, however, the methods
available for strong laser pulses are not appropriate for measuring the properties of weak, possibly entangled
pulses. Here, we demonstrate a method to reconstruct the joint-spectral amplitude of a two-photon energy-
time entangled state from joint measurements in frequency and time. Our reconstruction method is based
on a modified Gerchberg-Saxton algorithm. Such techniques are essential to measure and control the shape
of ultrafast entangled photon pulses.

Optical pulses can be produced on time scales much shorter than any photodetector response time, and
consequently, the only thing fast enough to measure an ultrafast laser pulse is another ultrafast pulse. Techniques
such as frequency-resolved optical gating [1] make use of nonlinear optical processes to measure and reconstruct
ultrafast pulses. However, adapting them to quantum states of light is challenging due to the low power levels
of single photons. In addition, the algorithms developed for laser pulses do not account for the possibility that
photons can be entangled. New innovations are therefore needed to reconstruct the joint state of entangled
ultrafast photon pulses.

In our work [2], we implement a technique to recover the phase of ultrafast energy-time entangled two-photon
pulses based on intensity measurements of the frequency and the arrival time. Inspired by the conventional phase
retrieval problem, we develop an algorithm based on a method of alternate projections [3] that iterates between
the frequency and time domains imposing the measured intensity constraints at each iteration. Measurements
in frequency are performed with single-photon spectrometers and measurements in time are implemented via
optical gating with an ultrafast optical laser pulse.

Figure 1: Reconstructed joint spectral phase for energy-time entangled photon pairs with (a) no added disper-
sion, (b) positive dispersion on the signal, (c) negative dispersion on the idler, (d) negative dispersion on both
the signal and idler.

[1] D. J. Kane and R. Trebino, Single-shot measurement of the intensity and phase of an arbitrary ultrashort
pulse by using frequency-resolved optical gating, Opt. Lett. 18, 823 (1993).

[2] J.-P. W. MacLean, S. Schwarz, and K. J. Resch, Reconstructing ultrafast energy-time entangled two-photon
pulses, arXiv:1901.11116.

[3] R. W. Gerchberg and W. Saxton, A practical algorithm for the determination of phase from image and
diffraction plane pictures, Optik 35, 237 (1972).
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Abstract

We present a method of remote temporal wavepacket narrowing by utilizing spectrally entangled photon
pairs produced in the parametric down-conversion process. The technique can be applied to extend the
range of quantum communication protocols and encode information in qudit.

Careful preparation of the photon wavepackets used in quantum communication can significantly enhance
quantum protocols. However, photons emitted by some realistic sources are spectrally broadband. Due to
this drawback, the signal is affected by temporal broadening during its propagation through dispersive media.
This effect can considerably limit the efficiency of temporal filtering in long-distance applications. Recently
we proposed a method to suppress this limitation[1, 2]. Here, we demonstrate how tailoring the spectral
entanglement and applying a time-resolved heralding procedure can substantially narrow the wavepacket of the
propagated photons in comparison with the classical case [3]. Next we show how one can use a temporal mode
of single photon to encode information. The theoretical analysis is based on the analogy between diffraction
(paraxial propagation in space) and dispersion (propagation in time through a dispersive medium).

We measured the reduction of the width of the heralded wavepacket to approximately 29% as compared to
the case of non-heralding scenario. This experimental technique combined with a proper control of the pump
spectral mode can be used to generate and measure entangled qudit pairs encoded in temporal modes of photon
pair [4]. This method and a technique of entangled photon pairs production allows one to generate correlated
states of multilevel systems.

[1] K. Sedziak, M. Lasota, and P. Kolenderski, Reducing detection noise of a photon pair in a dispersive
medium by controlling its spectral entanglement, 4, 84-89 (2017).

[2] M. Lasota and P. Kolenderski, Quantum communication improved by spectral entanglement and supple-
mentary chromatic dispersion, Phys. Rev. A 98, 062310 (2018).

[3] K. Sedziak, M. Lasota, and P. Kolenderski, Remote temporal wavepacket narrowing, Sci. Rep., accepted for
publication, (2019).

[4] K. Sedziak-Kacprowicz and P. Kolenderski, Encoding quantum information in the temporal mode of a single
photon, in preparation.
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Abstract

We present a general technique for deterministically implementing a multi-mode nonlinear coupling
between several propagating microwave or optical modes in quantum circuits [1]. The measurement induced
technique combines specifically prepared resource states together with feasible feed-forward operations. We
explore several ways of generating the suitable resource states and discuss their difference on an illustrative
example of cubic coupling between two modes. We also show that the required entangled states with requisite
nonlinear properties can be already generated in the present day experiments.

In the paper [1], we present a general description of a class of non-Gaussian couplings between several
propagating field modes together with a measurement induced method for experimental implementation in
quantum circuits. The method is a final generalization of the original GKP proposal. The architecture of the N
mode coupling is based on N sequential Gaussian quantum nondemolition interactions with N auxiliary modes
prepared in a specific nonlinear state, homodyne detection of the ancillary modes, and nonlinear feedforward
control applied to the modes that remain.

We consider a third-order non-Gaussian coupling as an example and discuss several different approaches
towards the entangled resource state generation. Ultimately we show that genuinely non-Gaussian coupling
between several harmonic oscillators is feasible, which opens up the avenue of both quantum technologies and
fundamental research of highly nonlinear quantum mechanics and thermodynamics.

Figure 1: Schematic depiction of the measurement induced implementation of a mono-quadrature multi-mode
coupling. The input modes interact with the auxiliary modes A1, · · · , AN through a sequence of quadrature sum
gates (QSG). The auxiliary modes are then measured by homodyne detectors (HD), yielding values q1, · · · , qN ,
which are then used for the corrective feed-forward F̂ (q1, · · · , qN ) in order to produce the output.

[1] S. Sefi, P. Marek, R. Filip Deterministic multi-mode nonlinear coupling for quantum circuits,
arXiv:1901.10753.
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Abstract

We report on the generation of pure quantum light states in a photon-number superpositions of zero-,
one-, and even two-photons from the spontaneous emission of a single semiconductor quantum dot.

The ability to generate light in pure quantum states is central to the development of quantum-enhanced
technologies. Although controlling the photon number is the backbone of many applications, the generation of
pure quantum superpositions in the photon-number basis has remained elusive. Light fields with zero and one
photon can be generated by single atoms. However, it has so far been limited to the generation of incoherent
superpositions or to coherent superpositions but with a vanishing one-photon part.

Here, we report on the generation of light pulses in a pure quantum superposition of zero, one-, and even
two-photons, using a single artificial atom-a semiconductor quantum dot [1]. Performing pulsed coherent control
of the atomic population, a pure quantum superposition of vacuum and one-photon is generated with a full
control of their relative populations by the laser intensity. Driving the system even stronger, with 2π-pulses,
a coherent superposition of vacuum, one- and two-photons is generated, with the two-photon part exceeding
the one-photon part—a state that shows phase super-resolving interferometry. These observations of text-book
idealized quantum optics in semiconductor devices open new paths for quantum technologies with access to the
photon-number degrees-of-freedom.

[1] J. C. Loredo, C. Anton, et. al, Generation of quantum light in a photon-number superposition,
arXiv:1810.05170.
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Abstract

Linear-optical networks formed by beam-splitters and phase shifters are capable of carrying out many
quantum information processing tasks, but at the cost of rapid growth in resources as the complexity of the
task increases. The recently introduced directionally unbiased optical multiports (N � 3), where input ports
can double as output ports, can be used as high-dimensional coins and lattice sites for quantum walks. This
approach offers more compact setups with substantial savings in resources. We discuss major properties
of these multiports and their potential use in executing quantum simulation tasks as well as in topological
quantum information processing and neural networks.

The rapidly expanding research activity on quantum computing is ultimately an outgrowth of the profound
Feynmanś observation that only quantum systems are capable to efficiently simulate other quantum systems.
The approaches used up to now for quantum simulations of nontrivial physical systems have substantial limita-
tions. For example, working with cold atoms or superconducting qubits requires extremely low temperatures in
order to avoid decoherence. On the other hand, analogous simulations done with traditional optical quantum
walks require a set of optical resources (beam splitters, mirrors, phase shifters etc.) that grows rapidly with the
number of steps in the walk. These factors strongly limit the ability to use the current optical approaches for
practical simulations of high-dimensional Hamiltonians on a large scale, and so it is of interest to investigate
schemes that may be more easily scalable.

Recently, a novel linear optical multiport was proposed [1] which allows photons to reverse direction, thus
transcending feed-forward linear optics by providing a linear-optical scattering vertex for quantum walks on
arbitrary graph structures. The feasibility of a new design has been demonstrated using a table-top apparatus [2].
In the near future all required optical elements will be integrated onto optical chips that can be fabricated in large
numbers and arranged into the desired configurations with high stability in order to implement reversible high-
dimensional linear-optical quantum walks on much larger scales. A quantum walk using arrays of such multiports
allows simulating a broad range of discrete-time dynamic Hamiltonian systems including cases where physical
systems with both spatial and internal degrees of freedom [3] as well as SSH Hamiltonian with topological states
are simulated [4].

We also discuss the use of linear-optical multiports for constructing systems in which a global topological
variable such as winding number and a locally detected polarization variable are jointly entangled [5]. Topo-
logical numbers are highly stable against external perturbations to the system, making them attractive for
processing qubits in a noise-resistant manner. At the same time, the linkage to polarization offers a practical
mean to conduct a local measurement of topological variables.

Because input ports also double as output ports, there is substantial savings of resources compared to
traditional feed-forward quantum walk networks carrying out similar functions. The N � 3 dimensionality of
the coin helps to cover large parameter spaces faster. Furthermore, this scheme has the advantage that the
parameters of the underlying system on which the walk occurs can be readily varied to produce a variety of
simulated behaviors.

[1] D. S. Simon, C. A. Fitzpatrick, and A. V. Sergienko, Group Transformations and Entangled-State Quantum Gates
With Directionally-Unbiased Linear-Optical Multiports, Phys. Rev. A 93, 043845 (2016).

[2] S. Osawa, David S. Simon, and A. V. Sergienko, Experimental demonstration of a directionally-unbiased linear-
optical multiport, Optics Express 26, 27201 (2018).

[3] D. S. Simon, C. A. Fitzpatrick, S. Osawa and Alexander V. Sergienko, Quantum Simulation of Discrete-Time
Hamiltonians Using Directionally-Unbiased Linear Optical Multiports, Phys. Rev. A 95, 042109 (2017).

[4] S. Simon, C. A. Fitzpatrick, S. Osawa and A. V. Sergienko, Quantum Simulation of Topologically Protected States
Using Directionally Unbiased Linear-Optical Multiports’, Phys. Rev. A 96, 013858 (2017).

[5] D. S. Simon, S. Osawa, and A. V. Sergienko, Joint Entanglement of Topology and Polarization Enables Error-
Protected Quantum Registers, New Journal of Physics 20, 093032 (2018).
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Abstract
Characterising squeezed states is important for many applications in quantum information processing. We

address this through estimation theory and extend previous studies by deriving the fundamental precision
bounds of both the magnitude and phase of squeezed Gaussian states. Attaining these bounds through
simultaneous measurements is not possible. Instead, separate optimal measurements are demonstrated to
be the best strategy to characterise squeezed probe states. For each parameter, we derive the optimal
measurement scheme and illustrate how they can be practically implemented using only linear optics.

All optical fields fluctuate in both phase and amplitude due to stochastic indeterminacy. This imposes a funda-
mental shot noise uncertainty to measurements. Squeezed states surpass this precision limit in one quadrature
at the expense of a concomitant increased uncertainty to the complementary quadrature. These states have
become indispensable in many applications in continuous variable quantum information processing [1] and
quantum metrology [2]. To ensure that the amount of squeezing present in a generated squeezed probe is com-
mensurate with its intended application, a complete characterisation of the squeezing magnitude and phase is
necessary. In this work, we apply quantum estimation theory to optimally estimate both squeezing parameters.

The single mode squeezer is described by the Hamiltonian [3]

Ĥ =
ir

2

�
e−iϑâ2 − eiϑâ†2� . (1)

Previous efforts to characterise squeezed states have been limited to estimates of the squeezing magnitude r.
We extend this by deriving the generators of translations in both parameters ϕ = (r,ϑ), and calculating the
quantum Cramér-Rao precision bound (qcrb) for estimating the complex squeezing in general Gaussian states.
The result is illustrated in figure 1. The qcrb varies a lot over the parameter space, which is not specific to the
probe. Notably, there is no value of ϕ that minimises the estimate variances in both parameters simultaneously.

We also address the optimal measurement scheme that attains these fundamental precision bounds. Optimal
estimation of both parameters through simultaneous measurements is prohibited, even asymptotically. We show
that separate optimal measurements is the best strategy to characterise squeezed probe states, and describe
the physical implementation of the estimation scheme using only linear optics. For pure Gaussian states, the
optimal measurement scheme is to adaptively apply a ‘reverse squeezer’ to the squeezed probe followed by
intensity measurements and classical post-processing of the data. For mixed Gaussian states, the optimal
scheme is a reverse squeezer followed by a displacement of the mode and photon counting.
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Figure 1: qcrb for the magnitude and direction of complex squeezing as a function of r and ϑ for general
Gaussian probe states. The white regions correspond to areas of large variances that are not of interest.

[1] S. Braunstein et. al., Quantum information with continuous variables, Rev. Mod. Phys. 77, 513-577 (2005).

[2] R. Demkowicz-Dobrzański and M. Jarzyna and J. Ko�lodyński, Quantum Limits in Optical Interferometry,
Prog. Optics. 60, 345-435 (2015).
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Abstract
We characterize the conditions which allow us to describe the general, non-Markovian dynamics of an

open quantum system by means of a simpler model, consisting in an enlarged set of degrees of freedom
undergoing a Markovian (Lindbladian) dynamics. After presenting the equivalence theorem between the
two systems, we show how to exploit it to build up in a systematic and certified way auxiliary models, which
can be treated efficiently by means of existing numerical techniques.

The understanding of the interaction of a quantum system with the surrounding environment is of crucial
importance for modern physics, both from a theoretical and from a practical point of view. One of the main
obstacles towards a fully satisfactory description of the dynamics of open quantum systems is certainly rep-
resented by the characterization of non-Markovian dynamics, where the presence of memory effects enhances
considerably the complexity of the treatment, both with analytical and numerical techniques [1]. Here, we
present a general approach to non-Markovian dynamics, which consists in dividing the influence of the en-
vironment on the open system into a non-Markovian core, which encloses all the memory effects during the
evolution, and a further Markovian component, representing the unidirectional leakage of information out of
the non-Markovian core [see the figure below for an illustration]. First, we report an equivalence theorem [2]
which proves that a Gaussian bosonic environment evolving unitarily can be replaced by a Gaussian bosonic
environment undergoing a Lindblad dynamics, if the first moments and the two-time correlation functions of
the original and the auxiliary baths are the same at all times. Noticeably, as a special case, we recover the
well-known pseudomodes approach [3], directly extending it to a different form of the coupling. Relying on this
result, one can then develop [4] a systematic procedure to formulate auxiliary models consisting of few bosonic
degrees of freedom, typically a network of interacting harmonic oscillators, in this way reducing dramatically
the complexity of the environment. On the one hand, this allows for the evaluation of general, possibly highly
non-Markovian evolutions of the original open system by applying efficiently standard numerical techniques,
such as Monte Carlo wave Function methods, to simpler Lindbladian open-system dynamics. On the other
hand, it also sets the ground for the systematic design of quantum simulators which reproduce in a certified
way the dynamics of quantum systems subject to complex environments, as shown for a simple case study via
an ion-trap simulator in [5].

[1] A. Rivas, S. F. Huelga, and M. B. Plenio, Quantum Non-Markovianity: Characterization, Quantification
and Detection, Rep. Prog. Phys. 77, 094001 (2014)

[2] D. Tamascelli, A. Smirne, S.F. Huelga, and M.B. Plenio, Nonperturbative Treatment of non-Markovian
Dynamics of Open Quantum Systems, Phys. Rev. Lett. 120, 030402 (2018).

[3] B. M. Garraway, Nonperturbative decay of an atomic system in a cavity, Phys. Rev. A 55, 2290 (1997).

[4] F. Mascherpa, A. Smirne, P. Fernandez Acebal, S. Donadi, D. Tamascelli, S.F. Huelga, and M.B. Plenio,
in preparation.

[5] A. Lemmer, C. Cormick, D. Tamascelli, T. Schaetz, S. F. Huelga, and M. B. Plenio, A trapped-ion simulator
for spin-boson models with structured environments, New J. Phys. 20, 073002 (2018).
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Abstract

We experimentally realized spectral bandwidth compression of single-phpton-level pulses via direct
electro-optic temporal phase modulation driven by high-amplitude arbitrary radio-frequency signals. Us-
ing complex temporal phase waveforms, analogous to spatial Fresnel lens profiles, we modified the spectral
bandwidth of optical pulses by more than two orders of magnitude, reaching single GHz bandwidths for
single-photon level light, and sub-GHz bandwidths for bright optical signals. Our work will enable effi-
cient conversion of single-photon pulses generated by solid-state emitters to photons matching standard
telecommunication channel bandwidths.

Recent years have seen increased interest in processing quantum information by using hybrid networks
consisting of quantum devices in nodes interconnected via photonic links e.g. optical fibers. The range of possible
devices occupying nodes is extensive, ranging from single-photon sources based on quantum dots or defects in
diamond, entangled photon pairs sources based on spontaneous parameteric processes to atom- and ion-based
quantum gates and memories. Optically interfacing this wide variety of quantum devices requires matching the
spectral-temporal characteristics of photons compatible with the devices. In particular it requires bringing the
spectral bandwidth to a common standard, such as the standard 100 GHz bandwidth of a wavelength division
multiplexed telecom channel.

Time-frequency transformations of light pulses can be explained on the basis of the optical space-time duality
(OSTD), which relates spectro-temporal optics concepts with their spatial analogues [1]. Using OSTD one can
postulate a time lens, which consists of applying time-varying quadratic phase, to an optical pulse. For example
bandwidth conversion can be obtained by propagating a light pulse through a dispersive element followed by
a temporal lens implemented by direct electro-optic phase modulation allowing for a deterministic, optical-
noise-free spectro-temporal manipulation [2]. Here we use complex Fresnel-lens-like quadratic phase patterns
(parabolic phase modulo 2π) generated by high power rf waveforms driving an electroptic phase modulator.
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Figure 1: Spectra of (orange) input and (blue) compressed (a) classical and (b) weak coherent light. The
spectrum in (a) was measured scanning a 250-MHz Fabry-Perot filter. Single-photon level spectrum was acquired
by a single-photon-counting high resolution dispersive spectrometer. The input bandwidth was in the order of
125 GHz in both cases.

We experimentally implement a time lens employing complex, Fresnel-lens-like phase profiles. We used the
setup to demonstrate a bandwidth conversion of approximately 100-GHz bandwidth weak coherent light pulses
by a factor exceeding 100 reaching sub-GHz bandwidths with bright coherent light, and 2 GHz bandwidth
for single-photon level pulses. Our results indicate that electro-optic bandwidth convereters employing com-
plex phase profiles may become an enabling tool for the development of photonic interlinked hybrid quantum
networks.

[1] B. H. Kolner, Space-Time Duality and the Theory of Temporal Imaging, IEEE J. Quant. Electron. 30,
1951–1963 (1994).

[2] M. Karpiński, M. Jachura, L. J. Wright and, B. J. Smith, Bandwidth manipulation of quantum light by an
electro-optic time lens, Nat. Photon. 11, 53–57 (2017).
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Abstract

We show the quantum simulation of a non-crystalline topological insulator using multi-particle photonic
interference. The system belongs to the same chiral orthogonal symmetry class as the Su–Schrieffer–Heeger
(SSH) model, and is characterised by algebraically decaying edge states. In addition, our simulations reveal
that the Hamiltonian describing the system facilitates perfect quantum state transfer of any arbitrary edge
state. We provide a proof-of-concept experiment based on a generalised Hong–Ou–Mandel effect, where
photon-number states impinge on a variable coupler.

Topological insulators could profoundly impact the fields of spintronics, quantum computing and low-power
electronics. To enable investigations of these non-trivial phases of matter beyond the reach of present-day
experiments, quantum simulations provide tools to exactly engineer the model system and measure the dynamics
with single site resolution. Nonetheless, novel methods for investigating topological materials are needed, as
typical approaches that assume translational invariance are irrelevant to quasi-crystals and more general non-
crystalline structures.

We simulate a generalised SSH TI which is capable of perfect quantum state transfer by means of multi-
particle bosonic quantum interference. The model belongs to the chiral orthogonal class of TIs and reveals weakly
localised edge states. This new system features similarities to the SSH TI brought close to its topological phase-
transition. The modification w.r.t. the original SSH model lies in fully site-dependent couplings between the
chain sites which deprives the system of translational invariance. Our simulation is an analogue of a CTQW that
requires only one single step to calculate the outcome of an arbitrarily long QW. It avoids error-accumulation
losses which occur during numerous steps in QWs and brings the number of optical components to a minimum at
the expense of increasing the number of interfering particles. It is experimentally implemented by interference of
photon number states (light pulses with a definite particle number) on a beam splitter (BS) with an adjustable
splitting ratio. It relies on a multi-particle Hong–Ou–Mandel (HOM) effect, which we experimentally observed
for states with up to five photons. The total number of interfering particles S allows us to simulate a generalised
SSH TI with up to S + 1 sites.

We have demonstrated that the quantum interference of multi-photon Fock states on a beam splitter is ca-
pable of simulating a non-crystalline topological material. The system is characterised by a lack of translational
invariance, and also belongs to the same chiral orthogonal symmetry class of 1D systems as the SSH model.
Examples of such materials include superconducting nanowires, disordered graphene quasi-1D nanoribbons,
disordered cold atoms and quasi-1D organic superconductors. These may find applications in next generation
electronics and spintronics operating with almost no energy dissipation and offering speeds exceeding 100 GHz.
In addition we revealed that our system is capable of the perfect quantum state transfer of an arbitrary quantum
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Abstract

The resource theory of coherence studies the operational value of superpositions in quantum technologies.
A key question in this theory concerns the efficiency of manipulation and inter-conversion of the resource.
Here we present a full solution of this problem for qubit states by determining the optimal probabilities for
mixed state conversions via stochastic incoherent operations. Our theory is supported by experiments with
photons, where good correspondence between experiment and theory is found.

In the resource theory of coherence [1], an orthonormal basis of states {|i�}, usually motivated by physical
grounds of being easy to synthesize or store, are considered classical. Any mixture of such states, ρ =

�
i pi |i��i|,

is referred to as ”free” and termed incoherent, similar to probability distributions on classical states. The free
operations are referred to as incoherent operations (IO): these are quantum transformations Λ which admit

an incoherent Kraus decomposition Λ[ρ] =
�

i KiρK
†
i with incoherent Kraus operators Ki; i.e., Ki |m� ∼ |n�

for incoherent states |m� and |n�. IOs admit a natural interpretation as quantum measurements which cannot
create coherence even if postselection is applied on the measurement outcomes. To implement a stochastic IO,
we formally postselect a deterministic IO according to the measurement outcomes i.

We present [2, 3] an explicit formula for the maximal probability P (ρ→σ) for converting a single-qubit state
ρ into σ via IO: it holds that P (ρ → σ) = 0 if r2s2

z +
�
1 − r2

z

�
s2 > r2 and otherwise

P (ρ → σ) = min

�
r2

(1 + |rz|) s2

�
1 +

�
1 − s2 (1 − r2

z)

r2

�
, 1

�
, (1)

where ri and si are the Bloch coordinates of ρ and σ, and r =
�

r2
x + r2

y. We further report on an optical setup,

which realizes IOs with photons (using photon polarization as qubit), and allows to reach optimal conversion
probabilities, see Fig. 1 for more details.

Figure 1: Experimental results for two states with Bloch coordinates
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[right figure]. The states are prepared with high fidelity up to 0.999. Deterministic and stochastic conversion
boundaries in x-z plane are shown in red and blue cubes, respectively, with each side representing the variance
δ �ri� (i = x, y, z) derived from Poisson distribution of single photons. Solid lines: theoretical predictions.

[1] A. Streltsov, G. Adesso, and M.B. Plenio, Rev. Mod. Phys. 89, 041003 (2017).

[2] T. Theurer, A. Streltsov, and M.B. Plenio, arXiv:1804.09467
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Abstract

We apply resource theory to quantum open systems, which allows us to define simple measures for
quantum resources. Using these, we compute the evolution of quantum correlations for a system consisting
of two non-interacting and non-resonant bosonic modes, embedded in a thermal environment.

Progress in the development of quantum information theory came from a resource theory approach to
quantum entanglement. When restricted to local operations and classical communication (LOCC), entanglement
can be regarded as a resource for quantum information processing tasks. An active field of research is the
extension of this framework to general quantum correlations such as discord and coherence. Most work however
is restricted to the discrete case, leaving out continuous variable systems necessary for quantum optics.

A framework for analyzing resource theories is based on so called resource destroying maps [1]. This class of
maps leave resource-free states unchanged but erase the resource stored in all other states. They can be used to
define a class of simple resource measures that can be calculated without optimization, and that are monotone
non-increasing under operations that commute with the resource destroying map.

In this sense, we apply the theory of resource destroying maps to the dynamics of two-mode Gaussian open
systems, described by the Gorini-Kossakowski-Lindblad-Sudarshan (GKLS) quantum master equation [2, 3, 4].
Based on the theory of completely positive quantum dynamical semi-groups, GKLS gives a fully analytically
solvable description of the irreversible time evolution of an open system.

Using measures that require no optimization, we compute the evolution of quantum coherence for a system
consisting of two non-interacting and non-resonant bosonic modes, embedded in a thermal environment. De-
pending on the choice of resource destroying map and the geometry of the resource-free set, different measures
for quantum information resources can be defined. We propose such a measure, based on Gibbs states.

[1] Z. Liu, X. Hu, S. Lloyd, Phys. Rev. Lett. 118, 060502 (2017).

[2] V. Gorini, A. Kossakowski, E. C. G. Sudarshan, J. Math. Phys. 17, 821 (1976).

[3] G. Lindblad, Commun. Math. Phys. 48, 119 (1976).

[4] A. Isar, A. Sandulescu, H. Scutaru, E. Stefanescu, W. Scheid, Int. J. Mod. Phys. E 3, 635 (1994).
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Abstract

Einstein-Podolsky-Rosen (EPR) steering is an intermediate type of quantum correalation between en-
tanglement and Bell nonlocality, where local measurements on one subsystem can apparently adjust (steer)
the state of another distant subsystem. Distribution of quantum correlations among remote users is a key
precedure for quantum information processing. We propose and demonstrate the distribution of Gaussian
EPR steering by separable states. All the proposed steering distribution protocols can be implemented with
squeezed states, beam splitters and displacements. The presented protocols demonstrate that one can switch
multipartite states between different steerability classes by operations on parts of the states.

In a quantum network, it is not practical to require that all users are capable of producing steerable states,
moreover directly distributing steering is unsafe since an eavesdropper may attack the transmitted quantum
states and obtain confidential information. A simpler and more efficient scenario would be to have a quantum
Cloud Server which can generate quantum states and perform appropriate operations for different quantum
tasks, and then establish desired correlations between the users mediated by transmission of ancillary systems
with minimal resources. Somehow counterintuitively, it has been recently shown theoretically and experimentally
that entanglement can be distributed between two parties via a separable ancilla. As Einstein-Podolsky-Rosen
(EPR) steering is strictly stronger than entanglement, a question that naturally arises is as to whether also
steering can be distributed between two or more distant users via a separable system?

We propose a protocol that can distribute EPR steering among many parties in continuous variable Gaussian
states by transmitting a separable ancilla mode between the users [1]. A quantum Cloud Server locally produces
the quantum states and analyzes the classical information of the displacements required by the task, then sends
the separable quantum states to the users. By preparing locally initial quantum states and performing suitably
tailored local correlated displacements on them, we can distribute rich steering properties, such as one-way
Gaussian steering in two-users scenario, two-way steering and collective steering, and so on. In particular, we
derive analytical thresholds on the displacements as a function of the squeezing degree of the initial states such
that the protocol succeeds, and prove that the largest steerability that can be distributed recovers that of the
multimode states created by the same optical network without the correlated displacements. This means that
the displacements only make the transmitted ancilla mode separable from the rest without reducing the amount
of steering. Notably, all the modes used for the distribution are separable from the users, so the eavesdropper
cannot decipher any useful information from the channel, making the protocol robust against loss and leakage in
long distance transmissions. We further present a modified scheme with a relaxed condition that the ancilla is
nonsteerable instead of separable from the users, yielding a broader range of parameters for which the protocol
works.

By distributing two-mode Gaussian EPR steering to two users, quantum communication protocol between
two users can be implemented, for example, quantum teleportation and quantum key distribution. By distribut-
ing three-mode Gaussian EPR steering to three users, quantum secret sharing can be implemented among these
three users. The experimental demonstration of distribution of Gaussian EPR steering by separable states is in
progress.

[1] Y. Xiang, X. Su, L. Mǐsta, Jr. G. Adesso, and Q. He, Multipartite Einstein-Podolsky-Rosen steering sharing
with separable states, Phys. Rev. A 99, 010104(R) (2019).
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Abstract

We present a development of ideas about quantum optical gates for non-classical squeezed light, which
are based on sum-frequency generation (SFG) process. We worked out a theoretical description of sum-
frequency generation process with seeding by squeezed light in terms of Schmidt modes which allows to
clarify known results and also opens new prospects for managing spectral and temporal properties of the
input squeezed light. In the case when several modes of squeezed light are involved in SFG, new possibilities,
such as switching the weights and probing the relative phases of these Schmidt modes are found.

Squeezed states of non-classical light become the subject of numerous modern researches and find many
applications in various fields of science due to their unique and important properties. For instance, decreased
variance of one field quadrature of squeezed vacuum light is utilized in overcoming a standard quantum limit of
measurements. Furthermore, it is a bright squeezed vacuum in which a large number of photons are entangled
and correlated, what is very attractive to researchers in the field of quantum information.

To fully utilize all possibilities provided by squeezed light, one has to be able to control its spectral, temporal
and spatial properties [1]. Unfortunately, the use of conventional methods and usual optical devices leads to the
loss of the unique properties of such states due to introduced noise and losses. Therefore, for many applications
fully quantum-optical methods are strongly required, which preserve useful properties of squeezed light and
provide the possibility to tailor their features.

An example of such method is a quantum pulse gate (QPG) scheme, suggested in [1], [2] and [3]. Quantum
pulse gate is based on nonlinear sum-frequency generation (SFG) process seeded by squeezed vacuum light,
and allows to perform the selection of temporal modes of squeezed vacuum. This possibility is provided by
special regime of SFG process, in which signal mode is determined only by pump spectrum profile. If pump
spectrum matches single mode of squeezed vacuum seed, photons in this mode may be completely converted
into sum-frequency mode. At the same time the matched mode is blocked in the output signal.

In this work we focus on further development of the quantum pulse gate scheme. Starting with complete
theoretical description of SFG process in terms of Schmidt modes in frequency domain, we perform the general-
ization of QPG to a so-called quantum optical gate. Suggested theoretical model allows to calculate the influence
of quantum optical gate on spectral and temporal properties of the squeezed vacuum seed. For instance, if pump
spectrum matches single mode of squeezed vacuum seed, in case of full conversion into sum-frequency mode,
the latter is in a squeezed vacuum state. In other words, such scheme converts any selected Schmidt mode into
a well-defined mode centered at sum-frequency. For partial conversion both matched mode and sum-frequency
mode are found in squeezed state, but with lower degree of squeezing. In addition we consider the case when
several modes of the squeezed seed are involved in SFG conversion. The main result of the work is a description
of case of multimode matching. Derived equations of transformation of Schmidt operators shed light on new
integrals of motion and give full picture of the dynamics of matched Schmidt modes. New possibilities, such
as switching the weights and probing the relative phases of the Schmidt modes are demonstrated. The relative
phases of the Schmidt modes involved in SFG are shown to influence dramatically on the spectral and temporal
output signal as well as are found to determine the variances of the field quadratures of the converted modes.

We acknowledge financial support of the Russian Science Foundation Grant 19-42-04105.
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Palacký University, 17. listopadu 12, 771 46 Olomouc, Czech Republic
3 Institute of Physics, University of Zielona Góra, Z. Szafrana 4a, 65-516 Zielona Góra, Poland

Abstract

We present a new entanglement witness for arbitrary (hybrid) quantum states based on the general-
ized Wigner function. It is shown that this witness can be also applied on quantum systems undergoing
decoherence effects.

In the recent paper [1] Tilma et al. have derived a generalized Wigner function that can characterize both
the discrete and continuous variable states at the same time, i.e., hybrid states. Due to its simplicity, one
could expect that the negativity of the generalized Wigner function applied to the hybrid states can reveal
their nonclassicality in analogy with the well-known Wigner function defined for the continuous variable states.
Nevertheless, as further results have suggested the negativity of the Wigner function already related to the
spin-1/2 systems can refer rather to the purity of the discrete variable states [2]. However, it is important to
distinguish different origins of nonclassicality in hybrid states state [3].

In our contribution we demonstrate that the negativity volume of the generalized Wigner function of the
hybrid bipartite states can be used as an entanglement witness of such states provided that it exceeds a certain

critical value [4]. The negativity volume of the Wigner function is given by the integral V = 1
2

� �
|W |−W

�
dΩ.

Any mixed hybrid bipartite qubit-bosonic state which is separable can be represented as a convex sum of
product states ρ̂sep =

�
i

piρ̂
q
i ⊗ ρ̂b

i . For the hybrid bipartite qubit—bosonic states, it can be easily shown

that the negativity volume of the Wigner function defined for separable hybrid sate ρ̂sep satisfies the following
inequality

V(ρ̂sep) ≤ Vcr =

�
1√
3

+
1

2

��

i

piV(ρ̂b
i ) +

1√
3
− 1

2
, (1)

where Vcr stands for the critical value of the negativity volume for separable hybrid states. Then, we can say
that for the given hybrid bipartite qubit–bosonic state ρ̂ is entangled if V(ρ̂) > Vcr.

Since the detection of the generalized Wigner function of hybrid bipartie states in the phase space is ex-
perimentally simpler than the reconstruction of the corresponding density matrix, our results thus present a
convenient tool in the entanglement identification of such states.

[1] T. Tilma et al, Wigner Functions for Arbitrary Quantum Systems, Phys. Rev. Lett. 117, 180401 (2016).

[2] M. A. Ciampini et al, Wigner function reconstruction of experimental three-qubit GHZ and W states,
arXiv:1710.02460 (2017).

[3] J. Sperling et al., Quantum correlations in composite systems, J. Phys. B 50, 134003 (2017).

[4] I. Arkhipov et al., Negativity volume of the generalized Wigner function as an entanglement witness for
hybrid bipartite states, Sci. Rep. 8, 16955 (2018).
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Abstract

Chain-mapping techniques in combination with the time-dependent density matrix renormalization group
are a powerful tool for the simulation of open-system quantum dynamics, but suffer from an unfavorable
algorithmic scaling with increasing temperature. We prove that the thermal contribution to the dynamics
can be shifted from the initial state of the environmental modes to a temperature-dependent spectral density
characterizing the system-environment interaction. As a consequence, as long as the initial state of the open
system is pure, the global system-environment state remains pure at all times. This enables the efficient
simulation of open quantum systems interacting with highly structured environments in any temperature
range.

Over the last two decades, a variety of numerically exact approaches for the simulation of open quantum
systems have been proposed. These methods allowed for the description of features that were not accurately
described by approximate methods, such as the Markov, Bloch-Redfield or perturbative expansion techniques
[1]. In particular, the Time Evolving Density operator with Orthogonal Polynomials (TEDOPA) [2] algorithm
is a numerically exact and certifiable method [3] for the nonperturbative simulation of OQS that has found
application for the description of a variety of open quantum systems. TEDOPA belongs to the class of chain-
mapping techniques [4] which are based on a unitary mapping of the environmental modes onto a chain of
harmonic oscillators with nearest-neighbor interactions. The main advantage of this mapping is the more local
entanglement structure which results in an improved efficiency of density matrix renormalization group (DMRG)
techniques [5]. While TEDOPA is very efficient at zero temperature, a regime that is hard to access by other
methods such as hierarchical equations of motion [6] and path integral methods [7], its original formulation
suffers from a unfavorable scaling when increasing the temperature of the bosonic bath. Because of this,
other approaches, such as the hierarchical equation of motion are currently the method of choice in the high
temperature regime.

In this seminar we present a formulation of TEDOPA for finite-temperature bosonic environments [8] that
allows for its extension to arbitrary temperatures without loss of efficiency. Our approach relies on the equiv-
alence between the reduced dynamics of an OQS interacting with a finite-temperature bosonic environment
characterised by some spectral density and the dynamics of the same system interacting with a zero tempera-
ture environment and a suitably modified spectral density, and further exploits fundamental properties of the
theory of orthogonal polynomials [2].

[1] H.-P. Breuer and F. Petruccione, The theory of open quantum systems, Oxford University Press, Oxford
(2002).
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[4] K. Hughes, C. Christ, and I. Burghardt, Effective-mode representation of non-Markovian dynamics: A
hierarchical approximation of the spectral density. I. Application to single surface dynamics , J. Chem.
Phys. 131, 024109 (2009).

[5] S. R. White, Density matrix formulation for quantum renormalization groups, Phys. Rev. Lett. 69, 2863
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Abstract

Multiphoton quantum interference underpins fundamental tests of quantum mechanics and quantum tech-
nologies, including applications in quantum computing, quantum sensing and quantum communication. Stan-
dard quantum information processing schemes rely on the challenging need of generating a large number of
identical photons. In this talk, we show how the difference in the photonic spectral properties, instead of be-
ing a drawback to overcome in experimental realisations, can be exploited as a remarkable quantum resource.
Interestingly, we demonstrate how harnessing the full multiphoton quantum information stored in the pho-
tonic spectra by frequency and time resolved correlation measurements in linear interferometers enables the
characterisation of multiphoton networks and states, produces a wide variety of multipartite entanglement,
and scales-up experimental demonstrations of boson sampling quantum computational supremacy. We further
demonstrate the possibility to achieve Heisenberg limited precision in distributed quantum metrology based on
the use of squeezed states as probes. These results are therefore of profound interest for future applications of
universal spectrally resolved linear optics across fundamental science and quantum technologies with photons
with scalable photonic sources.

[1] S. Laibacher and V. Tamma, Phys. Rev. A 98, 053829 (2018)

[2] S. Laibacher and V. Tamma, arXiv:1801.03832 (2018)

[3] V. Tamma and S. Laibacher, Phys. Rev. Lett. 114, 243601 (2015)

[4] S. Laibacher and V. Tamma, Phys. Rev. Lett. 115, 243605 (2015)

[5] V. Tamma and S. Laibacher, Quantum Inf. Process. 15(3), 1241-1262 (2015)

[6] X.-J. Wang et al., Experimental, Phys. Rev. Lett. 121, 080501 (2018)

[7] V. V. Orre et al., arXiv:1904.03222 (2019)

183



Polarisation Modulation in Cryogenic Lithium Niobate Waveguides
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Abstract

We report on the theory and first results of a polarisation modulator in lithium niobate at cryogenic
temperatures. In particular, we demonstrate switching contrasts over 90% at a temperature of 0.9 K, using
a fibre-pigtailed plug-and-play device.

Lithium niobate is an important platform for integrated quantum optics given its high second-order nonlinearity
and electro-optic properties [1]. Superconducting detectors and other quantum optic devices are operated at
cryogenic temperatures [2]. It is therefore advantageous to develop optical components[3],[4] that are functional
under these conditions.

In this work a polarisation modulator with periodically-poled titanium in-diffused lithium niobate waveg-
uides was realised. The wavelength for polarisation switching is determined by the quasi-phasematching of the
periodically poled lithium niobate waveguide. The phasematching wavelength is dependent on the birefringence,
which in turn depends on temperature. At room temperature the polarisation modulator operated with a phase-
matching wavelength of 1470 nm and at a temperature of 0.9 K with a phasematching wavelength of 1580 nm.
The behaviour of the birefringence and the related phasematching wavelength was previously estimated by
extrapolating the refractive index [5], however we see significant deviations from this extrapolation. To success-
fully characterise the device at 0.9 K, the modulator was pigtailed with single mode fibres. We achieved spatial
mode overlap of up to 75% at room temperature and 55% at cryogenic temperatures, compared to theoretical
maximum of 93%.

We characterised the switching behaviour of the polarisation modulator at different wavelengths around
the phasematching wavelength at 0.9 K. The switching of a modulator was determined by the input of a TE-
polarised beam into the modulator and changing the bias voltage of the electrodes of the waveguides. The
contrast was then determined by the minimum and maximum for every wavelength in the TE-channel behind
a polarising beam splitter. Contrasts of over 92% were achieved at cryogenic temperatures.

Figure 1: bias voltage vs. wavelength. Around the phasematching wavelength was the bias voltage varied. The
input light was TE-polarised and the output channel of the TE-polarisation of the PBS was acquired.

[1] P. Sharapova et.al., Toolbox for the design of LiNbO3-based passive and active integrated quantum circuits,
New Journal of Physics 19, 123009 (2017).
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mode converter, Optics Express 15 5 (2007).
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Abstract

Sub-Poissonian light, with a sharp photon-number distribution, possesses capabilities far exceeding those
of classical light, and has ready applications in future Quantum Technologies such as quantum commu-
nication or quantum metrology. In this work we present numerical simulations of an integrated photonic
waveguide device (“PhoG”: Photon Gun) which is demonstrated to produce a bright sub-Poissonian out-
put from a coherent-state input. The device is also demonstrated to deterministically produce entanglement
between spatially separated waveguides. We build several theoretical models of increasing realism, and
explore optimal coupling and nonlinearity parameters in preparation for an imminent first experimental
demonstration of the PhoG device.

Quantum states of light possess capabilities exceeding those of classical light. Although non-classical states
with well-defined photon number find many applications in quantum information processing [1, 2], methods
for their deterministic and efficient generation remain elusive. In this work we numerically demonstrate the
viability of non-linear coupled waveguides for deterministic generation of sub-Poissonian states - those possessing
a sharp photon number distribution - and for exploration of the interplay between Hermitian and non-Hermitian
(diffusive) dynamics. It is known, for example, that diffusive coupling between can lead to rich quantum
properties such as entanglement generation [3], protection against decoherence [4], single-photon generation [5],
or noise equalization [6]

We simulate a system of two bosonic “signal” modes in the waveguides, which are diffusively coupled via
a long ”tail” of evanescently coupled waveguides acting as a reservoir. All modes are subject to a strong χ(3)

nonlinearity. A input coherent state evolves to a sub-Poissonian output (Mandel parameter Q < 0) via an
effective interaction mediated by the nonlinearity. The input state evolves to a sub-Poissonian output in the
superposition basis of signal modes, over timescales inversely proportional to the input amplitude. We also
observe entanglement generation in the original basis of signal modes.

To numerically model the system effectively, one must balance computational memory requirements against
the requisite large number of tail modes and large Hilbert spaces, and a full quantum mechanical is numerically
infeasible. Instead, we present a series of approximate models starting from a fully quantum single mode

dissipating via a “nonlinear coherent loss” Lindblad term, L
�
â†

i âiâi

�
ρ, with decay rate proportional to χ(3),

and increasing in realism towards a many-mode model dissipating by the standard single-photon loss channels
L (âi) ρ. The same characteristic behaviours of intensity-dependent loss and sub-Poissonian output are observed
in all models, and thus each system model is shown to reproduce the output of theory [5].

Our full system can be readily fabricated in photonic waveguides [6] and so with experiment in focus we
use our simulations to explore the optimal regimes for coupling strengths and propagation length, noting that
each model is in agreement over the region of optimal experimental parameters. We move soon towards a
first experimental implementation, with the ultimate aim to provide a deterministic and compact source of
sub-Poissonian light

[1] I. L. Chuang and Y. Yamamoto, Simple quantum computer, Phys. Rev. A. 52, 3489 (1995).
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Abstract

We report on our theoretical and experimental findings for using heralded spontaneous parametric down
conversion (SPDC) to generate higher order Fock states. By introducing a new method based on matrix
multiplication we are able to investigate the effects of spectral multimodeness and losses for this process.
We find absolute limitations for the generation probability due to the intrinsic probabilistic nature of this
process as well as a fundamental trade-off between heralding probability and state fidelity. We compare our
theoretical findings with experimental data showing very high agreement with our theory.

Higher-order Fock states are an essential resource for many quantum applications (e.g.[1,2]). Today SPDC is
the most-widely used technique to generate these states. However, the effects of losses and multimodeness have
a non-trivial effect on the heralded state. We introduce a new framework based on matrix multiplication to
solve this problem [3]. With this method we reveal fundamental limits for the generation probability of higher
order Fock states due to the probabilistic nature of SPDC. We also analyze the state fidelity of the heralded
state towards an ideal n-photon Fock state and show a fundamental trade-off between the generation probability
and the state fidelity (Fig 1(b)).

In order to verify our theoretical results we used a type-II PDC process in a periodically poled potassium
titanyl phosphate (KTP) waveguide to generate a two-mode squeezed vacuum state. These two modes (signal
and idler, both centred around 1535 nm) are separated on a polarizing beam splitter and detected with transition
edge sensors (TES) enabling photon number resolved measurements. The measurement is in high agreement
with our theoretical findings (cf. Fig 1(a)).
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Figure 1: (a) Detected mean photon number versus heralding probability for experimental data (dots) and
theory (colored lines) with spectral multimodeness (K=1.61) and detection efficiencies (idler: 0.59 and signal:
0.64) as the only free parameters. The inset show the maximal heralding probability versus photon number.
(b) Trade-off between state fidelity and heralding probability for a heralded single photon (solid lines) and a
heralded four-photon state (dashed). Curves are parametric plots where the pump power is varied. The trade-
off increases with higher losses as shown for three different transmission values in the heralding arm of 0.9, 0.8
and 0.4 (green, blue, red respectively).

With these results it is possible to identify the optimal parameters for new experiments requiring Fock states
from SPDC under the consideration of multimodeness and losses.

[1] Ourjoumtsev et. al., Generation of optical ’Schrödinger cats’ from photon number states, Nature 448,
784-786 (2007)

[2] Holland et al., Interferometric Detection of Optical Phase Shifts at the Heisenberg Limit, Physical Review
Letters 71, 1355-1358 (1993)

[3] Tiedau et al., On the scalability of parametric down-conversion for generating higher-order Fock states,
arXiv:1901.03237
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Abstract

Problem of selection and amplification of modes with different orbital angular momentum of non-classical
squeezed light is studied. Methods of controllable enhancement of nonlinear signal in certain correlated
azimuthal channels are developed. A problem of loss of photon correlations is investigated for this technique
and possible ways to minimize the correlation losses are demonstrated. The possibility of using such schemes
for high-resolution measurements is discussed.

Nowadays different types of non-classical states of electromagnetic field are possible to be generated. Among
them bright squeezed states of light [1] appears to be the most attractive due to strong correlations between
many photons both in the frequency and space domain. An important advantage of such states is their mul-
timode structure. Azimuthal modes are of great interest since they are characterized by certain projection of
angular momentum. Light with non-zero orbital angular momentum (OAM) is referred to as a twisted light.
Combination of such important physical features as non-classicality, squeezing and twist opens new possibilities
for a wide set of perspective practical applications of such light in quantum communications, supersensitive
measurements, quantum sensing, quantum imaging and lots of quantum-information applications. For many
applications methods of selection of particular spatial modes especially with certain orbital angular momentum
accompanied by minimization of the photon correlation losses appear to be of great importance.

In this work we consider the selection and possible amplification of particular spatial modes of bright squeezed
light generated in a system of separated nonlinear crystals which can be considered as a non-linear interferometer.
For theoretical description we develop fully analytical approach based on the concept of independent collective
(Schmidt) modes [2]. In the frame of the Heisenberg representation we obtain fully analytical solution for the
evolution of the photon operators for each Schmidt mode and calculate all required characteristics. The most
attention is paid to azimuthal modes with non-zero orbital angular momentum. It is shown that though in
the far field region channels with different OAM have similar spatial distribution, in the near field they are
predominantly localized in different regions of the transverse plane. This feature allows us to separate different
OAM channels by holes and masks inserted into the non-linear SU(1,1) interferometer.

In the case of a mask we can selectively block a certain OAM channel and enhance others in a second crystal.
By using a hole we can strongly de-amplify a part of transmitted light in the properly tuned second crystal
of interferometer due to destructive interference. A problem of loss of photon correlations is investigated for
this technique. Ways to minimize the correlation losses are suggested. We demonstrate the possibility of 2
times selective amplification of OAM modes with orbital numbers 1 and 2 in relation to the zero-OAM mode
accompanied by minimization of the photon correlation losses. The obtained results are of great importance
since usually the zero-OAM channel strongly dominates in azimuthal mode distribution. The possibility of using
such schemes for high-resolution measurements is discussed.

We acknowledge financial support of the Russian Science Foundation Grant №19-42-04105

[1] K.Yu. Spasibko, T.Sh. Iskhakov, M.V. Chekhova, Spectral Properties of High-Gain Parametric Down-
Conversion Optics Express 20, 7507-7515 (2012).

[2] P Sharapova, A M Pérez, O V Tikhonova and M V Chekhova, Schmidt modes in the angular spectrum of
bright squeezed vacuum Phys. Rev. A 91, 043816 (2015).
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Abstract

Quantum resources, as entanglement and squeezing, are powerful tools exploitable to reach high-sensitive
measurements of parameters describing physical systems [1]. Within the range of optical systems, the parameter
is typically encoded in a passive interferometer probed by photons, and its value is estimated by measuring the
probes at the output. Several quantum metrology problems have been largely studied and a few approaches have
been proposed to reach Heisenberg scaling sensitivity in the estimation of the unknown parameter[2]. Ultimately,
a common drawback in these prescriptions based on interferometers with more than two channels, is that the
input states, or the measurement at the output, or both, strongly depend on the value of the parameter, making
them impossible to reproduce in laboratory without an adaptive approach or a-priori knowledge of the parameter
to infer. We study a procedure to estimate with high precision the parameter of interest encoded in an arbitrary
linear optical interferometer, by using only squeezed states as probes. Our procedure can reduce or eliminate
the need for an adaptive approach.

[1] V.Giovannetti, S.Lloyds, L.Maccone, Quantum Metrology, Phys. Rev. Lett. 96, 010401 (2006).

[2] A.De Pasquale, P.Facchi, G.Florio, V.Giovannetti, K. Matsuoka, K. Yuasa, Two-mode bosonic quantum
metrology with number fuctuations, Phys. Rev. A 92, 042115 (2015).
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Abstract

Optical coherence tomography (OCT) is a non-destructive testing and imaging technique, giving mor-
phological information about sub-surface structures. We implement mid-infrared frequency-domain optical
coherence tomography based on a nonlinear interferometer using correlated photon pairs. This enables
high-resolution depth scans of strongly scattering samples with high sensitivity, speed and lateral resolution.

So far, OCT was dominantly implemented in the VIS or near-IR ranges [1]. However, for materials with
strong scattering or absorption mid-IR OCT can be advantageous [2; 3], but has so far been hamstrung by the
requirement for expensive and complex light sources and suffered from detector arrays with low efficiency and
large noise. A novel mid-IR OCT method that only requires cost-efficient near-IR detectors and a VIS cw laser
source is based on nonlinear interferometry [4]. It uses spectrally correlated photon pairs to probe a sample with
mid-IR idler photons while only detecting their partners, near-IR signal photons. Previously, only time-domain
OCT was shown, with relatively low axial resolutions of 500 µm at 1550 nm [5] and 105 µm in the mid-IR [6].
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Figure 1: a) Setup. Photon pairs generated in a ppKTP crystal, pumped by a 660 nm laser (500 mW cw),
enter a Michelson interferometer. The mid-IR idler photons probe the sample. All light is focused back into
the crystal for interference. The near-IR signal photons are coupled into a single-mode fiber and detected by
an uncooled grating spectrometer. Inset: Spectrum for a 100 µm thick glass slide. Its Fourier transform reveals
the front and back surface. b) Upper panel: OCT scan (8 ms per A-scan) through a 900 µm thick stack of three
layers of strongly scattering alumina ceramics. Lower panel: Drawing of the ceramic stack.

Here, we implement for the first time mid-IR frequency-domain OCT with undetected photons. The setup,
based on nonlinear interferometry, is depicted in fig. 1. We reach a SNR of 48 dB at 8 ms integration time and
demonstrate high axial (11 µm) and lateral resolution (14 µm). Maximum depths and integration times are
comparable to – or better than – those of the classical approaches based on upconversion or thermal detectors
[2; 3]. Compared to time-domain OCT approaches based on nonlinear interferometery [5; 6] we reach a much
faster acquisition, enhanced simplicity and robustness of the setup, with an order of magnitude better axial
resolution. To demonstrate the practical usefulness of our technique, we apply it to technologically relevant
samples, including ceramics and paints. Our results show its practical relevance for real-world applications.

[1] D. Stifter, Appl. Phys. B 88, 337–357 (2007).
[2] N. M. Israelsen el al., Light: Science & Applications 8:11 (2019).
[3] I. Zorin, R. Su, A. Prylepa, J. Kilgus, M. Brandstetter, B. Heise, Opt. Express 26, 33428–33439 (2018).
[4] M. V. Chekhova, Z. Y. Ou, Adv. in Opt. and Phot. 8, 104–155 (2016).
[5] A. Vallés, G. Jiménez, L. J. Salazar-Serrano, J. P. Torres, Phys. Rev. A 97, 023824 (2018).
[6] A.V. Paterova, H. Yang, C. An, D.A. Kalashnikov, L.A. Krivitsky, Quant. Sci. Tech. 3, 025008 (2018).
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Connecting quantum systems through optimized photonics
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Abstract

At the core of most quantum technologies, including quantum networks and quantum simulators, is the
development of homogeneous, long lived qubits with excellent optical interfaces, and the development of high
efficiency and robust optical interconnects for such qubits. To achieve this goal, we have been studying color
centers in diamond (SiV, SnV) and silicon carbide (VSi in 4H SiC), in combination with novel fabrication
techniques, and relying on the powerful and fast photonics inverse design approach that we have developed.
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Abstract

We present a solution to the half-a-century old A-square problem of cavity quantum electrodynamics.

We present a solution to the long-standing problem whether the superrandiant (Dicke) phase-transition
critical point can be reached in the original setting of the Dicke model: electric dipoles (atoms) in the electro-
magnetic field. For this we have to revisit some fundamentals of the modeling of light-matter interaction. First,
by a generalization and modification of the Power–Zienau–Woolley (PZW) picture, we build such a framework
for the quantum electrodynamics (QED) of atoms as is free from the A-square and P-square problems, and
valid in arbitrary confined geometries [1, 2]. Second, by using this framework, we give an upper bound for the
achievable coupling strength between light and atoms in the ultrastrong regime [2]. Supported by a scaling
argument valid in the presented QED picture, we argue that the superradiant phase transition is a silhouette
of a mundane phase transition, namely, solidification [2]. Third, we study the effect of the remainder of instan-
taneous atom-atom (depolarizing) interaction on the phase transition, finding a shift of the critical point from
the pure Dicke one [3].

Finally, in connection with an ongoing theoretical debate [4], we present some insights on the relation between
gauge transformations and the PZW picture, and point out an important freedom in the choice of canonical
field momenta in nonrelativistic quantum electrodynamics

[1] A. Vukics, T. Griesser, and P. Domokos, Elimination of the A-Square Problem from Cavity QED, Phys.
Rev. Lett. 112, 073601 (2014).

[2] A. Vukics, T. Griesser, and P. Domokos, Fundamental limitation of ultrastrong coupling between light and
atoms, Phys. Rev. A 92, 043835 (2015).

[3] T. Griesser, A. Vukics, and P. Domokos, Depolarization shift of the superradiant phase transition, Phys.
Rev. A 94, 033815 (2016).

[4] A. Vukics, G. Kónya, and P. Domokos, The gauge-invariant Lagrangian, the Power-Zienau-Woolley picture,
and the choices of field momenta in nonrelativistic quantum electrodynamics, arXiv:1801.05590 [quant-
ph]. Under consideration in Sci. Rep. as a refutation of E. Rousseau and D. Felbacq, The quantum-optics
Hamiltonian in the Multipolar gauge, Sci. Rep. 7, 11115 (2017).
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Abstract

In quantum cryptography we typically assume that opponents can carry out all physical operations,
thus granting capabilities far in excess of present technology. Assuming more realistic capabilities is an
attractive prospect, but can only be justified with a rigorous framework that relates adversarial restrictions
to security. We investigate limitations on the eavesdropper’s (Eve’s) ability to make coherent attacks on the
security of continuous-variable quantum key distribution (CV-QKD). We show that when the decoherence
is greater than some threshold, Eve’s best strategy reduces to an individual attack, significantly improving
performance in terms of both key rate and maximum transmission distance.

CV-QKD is a promising avenue for high speed, secure communication, using cheap, efficient components
that are compatible with existing telecommunications infrastructure. However, establishing composable secu-
rity against arbitrary attacks has been extremely challenging. A general security proof that can certify rates
approaching the asymptotic (in n, the number of exchanged signals) limit has only recently appeared [2] and in
practical instances this result yields modest rates over short distances. We address this problem by exploiting
the fact that making the most powerful attacks represents an extreme challenge for Eve, requiring a quantum
memory and many multi-mode, coherent operations. Without these resources, Eve is forced to measure her
quantum state immediately in a so-called individual attack. We model Eve’s equipment as being decohered by
a thermal channel of varying transmissivity, τ , and, constructing the optimal hybrid eavesdropping strategy,
bound the aysmptotic and finite-size key rates as a function of τ (Fig. 1, left). We also find decoherence thresh-
olds beyond which Eve’s optimal strategy is always an individual attack, and we show a substantial improvement
in the key rate and maximum transmission distance for realistic parameters (Fig. 1, right).
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Figure 1: Left: finite-size and asymptotic key rate as a function of memory transmissivity, τ , for individual,
coherent, and hybrid attacks. System parameters are based on experimental implementations as explained in
[1]. Regions where individual attacks are optimal are marked with ellipses. Right: finite-size and asymptotic
key rates as a function of channel distance (assuming 0.2dB loss/kilometer) for individual and coherent attacks.

[1] N. Hosseinidehaj, N. Walk, & T. C. Ralph, Optimal realistic attacks in continuous-variable quantum key
distribution, arXiv:1811:05562 (2018).

[2] A. Leverrier, Security of continuous-variable quantum key distribution via a Gaussian de Finetti reduction,
Phys. Rev. Lett. 118, 200501 (2017)
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Abstract 

The precise quantum control of single photons, together with the intrinsic advantage of being 

mobile make optical quantum system ideally suited for delegated quantum information tasks, 

reaching from well-established quantum cryptography to quantum clouds and quantum 

computer networks.  

Here I will present that the exploit of quantum photonics allows for a variety of quantum-

enhanced data security for quantum and classical computers. First, I will present a 

homomorphic-encrypted quantum random walk using single-photon states and non-

birefringent integrated optics. The client encrypts their input state in the photons’ polarization 

degree of freedom, while the server performs the computation using the path degree of 

freedom. Then I will briefly discuss the realization of a feasible hybrid classical-quantum 

technology, which shows promising new applications of readily available quantum photonics 

technology for secure classical computing by enabling probabilistic one-time programs. As 

last application for programmable integrated photonics I will present counter-factual 

communication, where the message is delocalized from the actual physical carrier.  
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Abstract

Quantum walks (QWs) provide a powerful tool as a quantum simulator to study topological phases.
However, some interesting topological phenomena in the two dimensional (2D) QW that do not exist in the
one dimensional case, e.g., the edge-state-enhanced transport, have not been demonstrated experimentally.
Here we have observed 2D topological bound states with vanishing Chern numbers and confirmed the
robustness of these bound states with respect to perturbations and disorder, which go beyond what has
been known in static systems and are unique to periodically driven systems. Our studies open up an avenue
to explore topological properties in multidimensional QWs.

Here we construct a new 2D QW platform in which spatial positions and orbital angular momentum (OAM)
states of light serves as two distinct degrees of freedom in the position space of 2D QWs. One step operator
of the 2D QW is described as U = TyR (θ2)TxR (θ1),where R

�

θ1(2)

�

= e−iθ1(2)σy/2
σz is a coin operator. In

the experiment, we employ a customized q-plate involving multiple patterns to match the parallel multi-beams
produced by beam displacers (BDs), then construct inhomogeneous regions in 2D QWs by applying different
coin operators to the beams in different spatial positions. Topologically protected bound states can be formed
at the boundary between these inhomogeneous regions. The advantage of fully control of each lattice site in the
2D QW makes our experimental platform suitable for topological study. As shown in Fig. 1, we have observed
2D topological edge states with vanishing Chern numbers and confirmed the robustness of these edge states
against small perturbations and disorder.

������

Figure 1: (a)Experimental scheme for 2D QWs.(b)The localized probability at the boundary in 2D QWs with
step.

In summary, we have constructed a new 2D QW experimental platform using spatial positions and OAM of
light. We have observed 2D topological edge states with vanishing Chern numbers and confirmed the robustness
of these edge states against small perturbations and disorder. Such a phenomenon goes beyond what has been
known in static systems and is unique to periodically driven systems. In addition, our experimental setup can
also be used as a powerful platform to study other topics including energy transport in the 2D QW and so on
[2,3].

[1] B. Wang, T. Chen, and X. D. Zhang, Experimental observation of topologically protected bound states with
vanishing Chern numbers in a two-dimensional quantum walk, Phys. Rev. Lett. 121, 100501 (2018).

[2] T. Kitagawa,Topological phenomena in quantum walks: elementary introduction to the physics of topological
phases, Quantum Information Processing 11, 1107 (2012).

[3] J. K. Asboth and J. M. Edge, Edge-state-enhanced transport in a two-dimensional quantum walkPhys, Rev.
A 91, 022324 (2015).
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Höfling1,4,5, Chao-Yang Lu1,2, Jian-Wei Pan1,2

1 Shanghai Branch, National Laboratory for Physical Sciences at microscale, University of Science and Technology of

China, Shanghai 201315, China
2 CAS Center for Excellence and Synergetic Innovation Center in Quantum Information and Quantum Physics,

University of Science and Technology of China, Hefei, Anhui 230026, China
3 Nanophotonics Research Division, CAS Center for Excellence in Nanoscience, National Center for Nanoscience and

Technology, Beijing 100190, China
4 Technische Physik, Physikalisches Instität and Wilhelm Conrad Röntgen-Center for Complex Material Systems,
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Abstract

By coherent two-photon excitation of a single InGaAs quantum dot coupled to a circular Bragg grating
bullseye cavity with broadband high Purcell factor up to 11.3, we generate entangled photon pairs with
a state fidelity of 0.90(1), pair generation rate of 0.59(1), pair extraction efficiency of 0.62(1), and photon
indistinguishability up to 0.93(1) simultaneously. Our work will open up many applications in high-efficiency
multi-photon experiments and solid-state quantum repeaters.

An outstanding goal in quantum optics and scalable photonic quantum technology is to develop a source that
each time emits one and only one entangled photon pair with simultaneously high entanglement fidelity, extrac-
tion efficiency, and photon indistinguishability. The past decades have witnessed great success of spontaneous
parametric down-conversion (SPDC) photons, for example, allowing for demonstrating 12-photon entanglement
and scattershot boson sampling [1]. However, an intrinsic problem for the SPDC is that the photon pairs are
generated probabilistically, and inevitably accompanied with undesirable multi-pair emissions.

An alternative route to generate entangled photons is through radiative cascades in single quantum emitters
such as quantum dots which can have a near-unity quantum efficiency, therefore inherently solving the problem in
SPDC. Here, we report a on-demand entangled-photon source which simultaneously has high fidelity, efficiency
and indistinguishability.

Our scheme to generate entangled photons is via XX-X cascade radiative decay in an neutral InGaAs
quantum dot. The polarization of emitted photons is determined by the spin of the intermediate exciton states.
To enhance the intensity of the entangled photon pairs, we embedded the quantum dot into a broadband circular
Bragg grating cavity, which features a small effective mode volume and a relatively low Q factor (∼150). By
pulsed two-photon resonant excitation, we have realized a deterministic entangled photon pair source with
simultaneously an entanglement fidelity of 90%, pair generation rate of 59%, pair extraction efficiency of 62%,
and photon indistinguishability of 90% (93%) without (with) temporal filtering. Our work can be extended to
the realization of entanglement swapping [2] between remote entangled photons from quantum dots embedded
in CBG bullseye cavities, a step toward solid-state quantum repeaters [3].

[1] H.-S. Zhong et al., Phys. Rev. Lett. 121, 250505 (2018).

[2] M. Zukowski, A. Zeilinger, M. A. Horne and A. K. Ekert, Phys. Rev. Lett. 71, 4287 (1993).

[3] H.-J. Briegel, W. Dur, J. I. Cirac and P. Zoller, Phys. Rev. Lett. 81, 5932 (1998).
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Abstract

In this work, we demonstrate the HD steering effect by encoding with orbital angular momentum photons
for the first time. More importantly, we have quantitatively certified the noise-suppression phenomenon in
the HD steering effect by introducing a tunable isotropic noise. We believe our results represent a significant
advance of the nonlocal steering study and have direct benefits for QIP applications with superior capacity
and reliability.

Steering nonlocality is the fundamental property of quantum mechanics, which has been widely demonstrated
in some systems with qubits. Recently, theoretical works have shown that the highdimensional (HD) steering
effect exhibits novel and important features, such as noise suppression, which appear promising for potential
application in quantum information processing (QIP). However, experimental observation of these HD properties
remains a great challenge to date.

Figure 1: A. The experimental schematic of HD steering certification. B. Experimental results of coincidence
measurement. (a) Experimental coincidence counts of jointly measuring state (b) Experimental values of the steering
parameter versus different system dimension. C. Experimental results of steering certification with tunable isotropic
noise. (a)–(d) Steering parameter S

(EPR)
ϕ for different percentage of isotropic noise in different dimensions. (e) Actual

Pmin for dimension 2 to 5. Errors were estimated assuming Poisson statistics.

We first constructed a genuine high-dimensional (HD) maximally entangled system using orbital angular
momentum (OAM) photons and verified its steering nonlocality as shown in Figure A. The entangled OAM
photons are generated through a spontaneous parametric down-conversion (SPDC) process, and the OAM states
are manipulated with spatial light modulator (SLM) loading reconfigurable computer-generated holograms
(CGH). We employed SLM1 as a regular diffraction grating and manipulated SLM2 loading designed CGHs,
which correspond to the correlation measurement bases.

Figure B displays our experimental results of the steering parameter S
(EPR)
ϕ (see Ref. [1] for an overview) as

a function of dimension d. We further explored how Alice’s steerability varies with the dimension in the noisy
environment. We introduced isotropic noise into the HD entangled system, and find that the extra dimension
can improve the robustness of the system against isotropic noise. The blue triangles in Figure C(e) display the
results of steering parameter versus dimension. Although the parameter decreases more and more slower, which
indicates that the other noises (shot noise and crosstalk) start to overtake the isotropic noise, it still gives solid
proof that the extra dimension can indeed strengthen the steering effect against the isotropic noise.

In summary, we have experimentally certified the steering nonlocality in a d-dimensional maximally entangled
system by demonstrating violation of steering inequality for qudit with d up to 5. Furthermore, we propose
a novel method to introduce a tunable isotropic noise into the entanglement system to quantitatively verify
enhancement of the steering effect against isotropic noise by the extra dimension. We also discovered that while
isotropic noise is suppressed by increasing the dimension, other noises like shot noise and crosstalk still increase.
In fact, these negative effects could also be overcome by adopting a more powerful pumper or a more balanced
entanglement source.

[1] C.-M. Li, Y.-N. Chen, N. Lambert, C.-Y. Chiu, and F. Nori, Certifying single-system steering for quantum-
information processing, Phys. Rev. A 92, 062310 (2015).
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Peter Kölling2, Andreas Thiede2, Jens Förstner2, Dirk Reuter1, and Artur Zrenner1

1 Physics Department and Center for Optoelectronics and Photonics Paderborn (CeOPP),

Universität Paderborn, Warburger Straße 100, 33098 Paderborn, Germany
2 Electrical Engineering Department, Universität Paderborn, Warburger Straße 100, 33098 Paderborn, Germany

Abstract

We report the manipulation of quantum states by ultrafast optoelectric control. Our work is based
on a new protocol, which allows for the phase and amplitude control of single quantum bits by solely
electric control [1,2]. We demonstrate experimental data for electrically controlled Ramsey interference and
electrically chirped rapid adiabatic passage.

The control of single quantum systems is usually performed by pulsed laser fields. In addition, ultrafast
electric fields allow for new protocols and new routes towards scalable quantum technologies. The application
of such coherent optoelectronics requires the synchronous action of ps optics and electronics. Furthermore,
electrically tunable Quantum systems have to be designed, which are compatible with ps-electronics.

In our work we have developed low capacitance photodiodes with a total capacitance in the range of 100
fF. The quantum system, which is represented by an InGaAs quantum dot, is embedded in an intrinsic GaAs
region between an n+ and a semitransparent metal contact. Thus, the excitonic ground state energy can be
controlled by the quantum-confined Stark-effect, the occupancy of the qubit can be checked in an extremely
sensitive way by photocurrent measurement, even in the regime of single photon emission. Such optoelectronic
devices allow also for new routes for the frequency stabilization of single photon emitters.

For the coherent electric control of InGaAs quantum dots we have developed ultrafast SiGe-BiCMOS chips,
which are designed for low temperature operation. With this technology electric pulses with rise times below
20 ps become available for the transient laser-synchronous Stark tuning of quantum dots.

Performing Ramsey experiments [3] we have been able to demonstrate the electric phase control of a quan-
tum dot exciton on sub-100 ps timescales [2]. Based on this we propose a protocol, which allows full control of
the exciton Bloch vector by solely electric control.

In the past, the robust inversion of quantum dots has been demonstrated by applying chirped ps laser pulses,
which drive a rapid adiabatic passage [4, 5]. An ultrafast electric transient results in a transient Stark shift and
hence in a chirp of the ground state transition. Realizing such conditions, we have been able to drive a rapid
adiabatic passage using electric chirp but un-chirped laser pulses. A comparison to Rabi oscillations observed
for increasing pulse areas shows that the electrically chirped rapid adiabatic passage leads to full inversion.

[1] S. Michaelis de Vasconcellos, S. Gordon, M. Bichler, T. Meier and A. Zrenner, Coherent control of a single
exciton qubit by optoelectronic manipulation, Nature Photonics 4, 545 (2010).

[2] A. Widhalm, A. Mukherjee, S. Krehs, N. Sharma, P. Kölling, A. Thiede, D. Reuter, J. Förstner, and A.
Zrenner, Ultrafast electric phase control of a single exciton qubit, APL 112, 111105 (2018).

[3] S. Stufler, P. Ester, A. Zrenner, M. Bichler, Ramsey Fringes in an Electric-Field-Tunable Quantum Dot
System, Phys. Rev. Lett. 96, 037402 (2006).

[4] Y. Wu, I. M. Piper, M. Ediger, P. Brereton, E. R. Schmidgall, P. R. Eastham, M. Hugues, M. Hopkinson,
and R. T. Phillips, Population Inversion in a Single InGaAs Quantum Dot Using the Method of Adiabatic
Rapid Passage, Phys. Rev. Lett. 106, 067401 (2011).

[5] C. M. Simon, T. Belhadj, B. Chatel, T. Amand, P. Renucci, A. Lemaitre, O. Krebs, P. A. Dalgarno, R. J.
Warburton, X. Marie, and B. Urbaszek, Robust Quantum Dot Exciton Generation via Adiabatic Passage
with Frequency-Swept Optical Pulses, Phys. Rev. Lett. 106, 166801 (2011).
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Abstract

Spin defects in wide band gap semiconductors enable quantum sensing with a spatial accuracy of a few nano
meter. This leads to a variety of intriguing applications in material- as well as bio science. It turns out, that the
sensor spin is sensitive to a number of external parameters and that dedicated Hamiltonian engineering renders
the system sensitive to a particular quantity, like e.g. temperature while it stays insensitive to others, like e.g.
magnetic fields. The talk will demonstrate sensing of various quantities and discuss the enhancement of sensor
performance by using ancilla quantum bits for signal processing.
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Abstract 
 The groundbreaking experiments of Hanbury Brown and Twiss laid the foundations of quantum 
optics, which then led the way to the development of quantum information science. In another direction, 
“ghost” imaging based on second-order correlation has expanded into the classical domain with 
widespread practical applications in many fields wherever imaging is required. Our recent results in 
high-resolution ghost imaging with an incoherent x-ray source promise a new direction for radically 
reducing the radiation dosage in medical diagnosis and other biological studies, possibly down to 
single-photon levels. 
 
 The groundbreaking experiments of Hanbury Brown and Twiss in the fifties laid the 
foundations of quantum optics, which then led the way to the development of quantum 
information science in many other fields apart from optics. In another direction, quantum inspired 
“ghost” imaging (GI) has expanded into the classical domain over various spectral ranges with 
practical tangible applications on the horizon, while GI with atoms [1] and electrons [2] has even 
been demonstrated.  
 In the x-ray regime, GI was first performed with synchrotron radiation, requiring a 
monochromator and other complicated equipment, with an object consisting of one-dimensional 
slits [3,4]. Recently, we demonstrated x-ray GI with a very simple table-top setup using an 
ordinary incoherent x-ray source, and obtained images of planar and natural biological objects [5]. 
Moreover, the reconstructed images had a much higher contrast-to-noise ratio compared to 
traditional projection x-ray imaging for the same low radiation dose per unit pixel on the CCD 
detector. We have now realized ultra-low radiation computational GI with a true bucket detector; a 
resolution of 10 μm has been achieved for an x-ray tube source of size 37 μm, breaking the 
resolution limit of incoherent x-ray imaging.  
 Since reducing radiation dose is of paramount importance, it is envisaged that our x-ray GI 
scheme will find wide application in medical diagnosis and analysis of biological specimens in 
general. We hope that, with improved detectors, we can even lower the incident radiation to the 
single-photon level. 
  
[1] R. I. Khakimov, B. M. Henson, D. K. Shin, S. S. Hodgman, R. G. Dall, K. G. H. Baldwin, and 
A. G. Truscott, Ghost imaging with atoms" Nature 540, 100 (2016). 
[2] S. Li, F. Cropp, K. Kabra, T.J. Lane, G. Wetzstein, P. Musumeci, and D. Ratner, Electron Ghost 
Imaging, Phys. Rev. Lett. 121, 1–5 (2018). 
[3] H. Yu, R. Lu, S. Han, H. Xie, G. Du, T. Xiao, and D. Zhu, Fourier-Transform Ghost Imaging 
with Hard X Rays, Phys. Rev. Lett. 117, 113901 (2016). 
[4] D. Pelliccia, A. Rack, M. Scheel, V. Cantelli, and D. M. Paganin, Experimental X-Ray Ghost 
Imaging, Phys. Rev. Lett. 117, 113902 (2016). 
[5] A.-X. Zhang, Y.-H. He, L.-A. Wu, L.-M. Chen, and B.-B. Wang, Table-top x-ray ghost imaging 
with ultra-low radiation, Optica 5, 374 (2018).
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Abstract
We report on the experimental quantification of coherence as a resource contained in a quantum measurement. In

particular, we investigate the ability of an optical weak-field homodyne detector to detect coherence. We design an
experimental set-up to reconstruct the POVMs of the detector. Then based on the quantum resource theory of coherence,
we evaluate its ability to detect coherence. After that, we discuss the effects of different intensities of the local oscillator
and mode overlap with the probe states on the coherence values.

Quantum coherence as a resource has been investigated in the past few years[1]. To use coherence to obtain quantum
advantages, it is necessary to have access to operations that can detect coherence in the sense that the presence of coher-
ences makes a difference in the measurement statistics. The ability of a quantum measurements to detect coherence has
never been theoretically studied in a quantitative manner until recently[2].

In this work, we experimentally evaluate the value of coherence contained in a specific quantum optical detector,
namely a weak-field-homodyne APD. In the first step, we reconstruct the POVMs of the detector with the method of
quantum detector tomography[3]. The experimental set-up is shown in Figure1(a). For better analysis, we choose five
different intensities of local oscillators(LO) and three interference visibilities for each LO. Secondly, we use the semidef-
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Figure 1: (a)Experiment Set-up for quantum detector tomography. (b) Evaluated diamond measure and nSID-measure for
different set of weak-field homodyne APDs with simulation(segment lines) and experiment (diamond).

inite and optimization programs to evaluate the diamond-measure and nSID-measure defined in [2] for these POVMs.
The results are shown in Figure.1(b). We find that these two measures are matched well for simulated and experimental
results. Besides, it shows that the deviation from the perfect mode overlap between the signals and the LO would decrease
the ability of this detector to detect coherence. When the interference visibility is not very high, the coherence does not
increase with intensities of LO.

[1] A. Streltsov, G. Adesso, and M. B. Plenio, Quantum coherence as a resource, Rev. Mod. Phys 89, 041003 (2017).

[2] T. Theurer, D. Egloff, L. Zhang, and M. B. Plenio, Quantifying the Coherence of Operations, arXiv:1806.07332
(2018)

[3] L. Zhang , H. B. Coldenstrodt-Ronge, A. Datta, et al Mapping coherence in measurement via full quantum tomog-
raphy of a hybrid optical detector, Nature Photonics 6, 364 (2012)
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Abstract

Instead of conventional reconstruction schemes, the direct characterization of quantum states and pro-
cesses have been realized via weak measurement. Nevertheless, most optical implementation of weak mea-
surement employed two degrees of freedom of a single photon, making it unaccessible to direct measurement
of quantum measurement. Here, we experimentally demonstrate a weak-measurement scheme based on
quantum nondemolition(QND) measurement to directly measure a measurement apparatus.

Typically, the technique of quantum measurement tomography is used to determine a measuring device.
Provided a complete set of input quantum states and the corresponding responses, the generalized positive-
operator valued measure(POVM) can be reconstruted according to the Born’s rule, which is similiar to quantum
state tomography.

In 2011, Jeff et.al proposed a scheme to directly measure the quantum wavefunction[1]. The core of this
method is to establish a mapping relationship between the probability amplitude of wavefunction and weak
value. In addition, this method has been recently extended to directly measure the polarized state of photons,
high-dimensional orbital-angular-momentum state or even a quantum process.

The weak value of an observable Â, first put forward by Aharanov, Albert and Vaidman[2], is formulated as

�Â�w =
�ψf |Â|ψi�
�ψf |ψi�

, (1)

showing a good symmetry for pre-selected state |ψi� and post-selected state |ψf �. In a retrodictive approach,

a POVM element Π̂n corresponds to a ’pre-measurement state’, leading us towards to direct measurement of a
quantum measuring apparatus.
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Figure 1: Schematic Diagram for Direct Characterization of SIC POVM.

Here, we report a weak-measurement scheme using a CNOT gate, which is a typical QND measurement[3].
Figure.1(A) illustrates the schematic diagram of our experimental setup. Two photons, generated by sponta-
neous parametric down conversion(SPDC) incident into a CNOT gate. The polarization DOF of two photons
respectively refers to the quantum system and the meter state. From the coincidence counts of the trigger and
the four outputs of SIC POVM, we can directly derive the SIC POVM, as is shown in Figure.1(B).

In summary, we have introduced a new method to directly characterize the quantum measurement. Our
work sheds new light on both the applications of weak measurement and quantum measurement tomography.

[1] Jeff S. Lundeen, et al, Nature 474,188 (2011).

[2] Aharonov, et al, Physical Review Letters 60,14,1351–1354 (1988).

[3] Pryde, G J et al, Physical Review Letters 94,22, 220405–4 (2005).
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Abstract

We demonstrate the emergence of environment-induced spontaneous synchronization between two spin-
1/2 quantum objects in a collision model setting. In particular, we determine the conditions for the estab-
lishment of synchronous dynamics between local spin observables of a pair of spins undergoing open-system
dynamics in the absence of an external drive. Exploiting the versatility of the collision model framework,
we clearly show that the accumulation of quantum or classical correlations between the principal spin pair
are of no significant relevance to the manifestation of spontaneous quantum synchronization between them.
Furthermore, we discuss the consequences of thermal effects on the environmental spins for the emergence
of quantum synchronization.

Synchronization phenomenon manifests itself in various fields such as sociology, biology and physics [1]. One
may follow its traces back to C. Huygens’ observation of synchronous behavior of two coupled pendulum clocks in
the 17th century. Besides this pioneering discovery, swinging metronomes, flashing fireflies, cardiac pacemakers
and applauding audiences can be given as some examples of the systems tending to behave synchronous. In the
forced synchronization, which is one of the two main classes of synchronous behavior, the system is driven by an
external field acting as a pacemaker imposing its rhythm on the system. The spontaneous synchronization, on
the other hand, shows up solely due to the coupling between subsystems in the absence of any external drive.
Although the synchronization concept has been broadly investigated in the classical domain during the last few
decades, its quantum mechanical counterpart has been taken into consideration recently [2,3].

Collision models have drawn considerable attention due to their versatility in modeling different regimes
of the open quantum system dynamics, which is much harder to implement with other approaches [4]. In
a collision model, the environment is formed by particles such that the system dynamics is governed by its
sequential interaction with these environmental units. Along with the basic setting that yields a Markovian
time evolution for the system, one can simply introduce intra-environment collisions to simulate a non-Markovian
dynamics as well. Following the discussions on the memory effects and owing to their highly adoptable nature,
quantum collision models have served as a test-bed for various ideas in several different fields, such as quantum
thermodynamics, quantum optics, quantum control and recently their all-optical experimental implementation
has been demonstrated [5].

We report here the occurrence of spontaneous mutual synchronization between two spin-1/2 particles in a
collision model. Making use of Pearson’s coefficient to quantify the temporal correlations between the local
dynamics of two spins forming the open quantum system, we determine the physical conditions under which
expectation values of local spin observables become synchronized in time. Specifically, we identify the require-
ments for the establishment of synchronized dynamical behavior between the spin observables depending on
the parameters of the model, namely, detuning between the two system spins, strength of the coupling between
them, and the interaction strength among the environmental spins. Moreover, owing to the versatility of colli-
sion models which enables full control over the dynamics of two open system spins, we investigate the role of
correlations between the spins for their synchronous behavior in detail. Our findings clearly demonstrate the
insignificance of the formation of correlations between the principal pair of spins for the emergence of sponta-
neous synchronization. Lastly, we study the consequences of having thermal effects on the environmental spins
for the appearance of synchronization.

[1] A. Pikovsky, M. Rosenblum, and J. Kurths, Synchronization: A Universal Concept in Nonlinear Sciences,
Cambridge edition (2001).

[2] G. L. Giorgi, F. Galve, G. Manzano, P. Colet, and R. Zambrini, Quantum correlations and mutual syn-
chronization, Phys. Rev. A, 85, 052101 (2012).

[3] F. Galve, G. L. Giorgi, and R. Zambrini, Quantum correlations and synchronization measures, in Lectures
on General Quantum Correlations and their Applications, pp. 393–420, Springer (2017).

[4] F. Ciccarello, Collision models in quantum optics, Quantum Meas. Quantum Metrol. 4, 53 (2017).

[5] A. Cuevas et al., All-optical implementation of collision-based evolutions of open quantum systems,
arXiv:1809.01922 (2019).
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Abstract

Parametric down conversion with output THz and optical beams is investigated. Methods to manage
spatial properties and photon correlations of emitted squeezed quantum light are developed. Solutions for
collection of THz radiation with wide angular spectrum are provided.

Squeezed states of light are very attractive for the investigation both theoretically and experimentally. Such
non-classical states of light can be generated by parametric down conversion or 4-wave mixing. The important
feature of generated light is strong photon entanglement both in the frequency and space domain. If the
pump intensity is high the generated non-linear signal contains huge number of photons and is referred to as
bright squeezed state of light [1]. Such states can be considered as macroscopic non-classical states of light
and very promising and perspective for numerous important applications. In this work we consider the case for
strongly non-degenerate parametric down conversion (PDC) when the energies of generated photons can differ
for several orders of magnitude such as the signal photon corresponds to the optical frequency while the idler
belongs to the terahertz (THz) frequency range. Generation of THz radiation with non-classical features opens
new perspectives in numerous practical applications. To control the mode content and properties of such non-
classical squeezed light both in the spectral and spatial domain is a very important problem. For this purpose it
is very important to develop new theoretical approaches able to describe the spatial properties of the generated
squeezed THz field especially in the regime of rather high parametric amplification. In this work we developed
a theoretical approach to describe the spatial properties and photon correlations of squeezed electromagnetic
fields generated in strongly non-degenerate PDC process. The approach is based on the concept of independent
Schmidt modes and is valid for the cases of both weak and strong nonlinear interaction [2]. The Hamiltonian
is diagonalized by passing from plane waves to a new set of collective angular modes such as the “broadband
modes” introduced in [3] for the frequency domain.

Firstly, we consider a system of just one nonlinear crystal. The shapes and weights of different Schmidt
modes are analyzed and the THz radiation is found to be characterized by rather broad angular distribution.
The obtained theoretical results are compared with the experimental data [4]. To manage spatial properties and
photon correlations of emitted squeezed quantum light the nonlinear interferometer based on two consequent
nonlinear crystals is used. Due to the interference effect such scheme allows one to enhance the generated
squeezed radiation at some polar angles and frequencies and at the same time to suppress it at the others.
Being very sensitive to the refraction index of the intermediate layer such interferometer can be used for precise
measurements of dispersion properties of different materials, especially in the THz frequency region. Moreover,
it is possible to amplify a non-linear signal in a certain Schmidt mode with a rather narrow polar angular
distribution which allows to collect the THz signal without the loss of its nonclassical properties. One more
important thing is that simultaneously with the PDC the THz radiation is involved in the process of sum
frequency generation (SFG) so as both Stocks and anti-Stocks components are generated with the participation
of the THz photons. For this reason we generalized our theory and investigate both the PDC and SFG processes
simultaneously. The idea of detection of the THz radiation by measuring the correlations between generated
Stocks and anti-Stocks components is suggested.

We acknowledge financial support of the Russian Science Foundation Grant №19-42-04105

[1] T. Sh. Iskhakov , A. M. Perez et al., Opt. Lett. 37, 1919 (2012).

[2] P Sharapova, A M Pérez, O V Tikhonova and M V Chekhova, Phys. Rev. A 91, 043816 (2015).

[3] A. Christ, K. Laiho, A. Eckstein, K. N. Cassemiro, and C.Silberhorn, New J. Phys. 13, 033027 (2011).

[4] V V Kornienko, S A Savinov, Yu A Mityagin and G Kh Kitaeva, Opt. Lett. 41, 4075 (2016).
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Abstract

The quantum uncertainty in a physical system is limited by the Heisenberg-Uncertainty-Relation (HUR),
which contains the amount of information that can be extracted from two non-commuting observables. In
this Experiment we demonstrate the EPR – Gedankenexperiment [1] by simultaneous measurement on a
single gaussian wave packet, in principle to arbitrarily small precision. Consequently we demonstrate a
simultanous measurement protocol for a very weak and time varying signal in the phase-space. Furthermore
we show a trajectory within vacuum noise, with a resolution of the variance product of Δ2X̂Δ2Ŷ ≈ 0.1 over
an extended period of time.

A well-established method for circumvent the limit of the HUR of a single observable is to utilize non-
classical states to squeeze the imprecision, e.g. in the phase quadrature below its zero-point fluctuation, and
therefore implies an increasing in the amplitude quadrature [2]. Of course this leads to an arbitrarily precise
measurement of the phase at a certain time, while the amplitude is totally unknown at the same moment.
However, for a joint measurement of two non-commuting observables another approach is required. Here we
implement a sophisticated readout scheme, based on an EPR entangled two-mode system [3, 4].
Superimposing two orthogonal squeezed states on a beam splitter, one part (Subsystem A) is kept as a reference,
while the other part (Subsystem B) undergoes two independent interactions U(t) and U’(t). Subsequently it
carries two pieces of information encoded in two non-commuting observables. The recombination at a second
beam splitter makes it possible to extract the information and detect the different observables on two balanced
homodyne detectors.
The benefit of this scheme becomes clear, since the signal is now encoded in the difference of the amplitude
quadrature’s X̂ = X̂A,ref − X̂B and the sum of the phase quadrature’s Ŷ = ŶA,ref + ŶB and those quantities

are commute, [X̂A,ref − X̂B , ŶA,ref + ŶB ] = 0. This is an important point, because X̂ and Ŷ are now indeed
simultaneously precise defined, even though with respect to the reference frame. A simultaneous detection is
not limited by the Heisenberg-Uncertainty-Relation anymore. The following uncertainty of a signal is then
represented by a new relation [5]:

Δ2X̂Δ2Ŷ ≥ e−2rAe−2rB , (1)

where rA and rB are the squeezing values of the input states. The achievable precision corresponds directly to
the amount of squeezing and for infinite squeezing the uncertainty reduces to zero.
In conclusion we prove via the statistics of many such individual measurements on a large number of identical
wave packets that, indeed, both quantities can be measured simultaneously with, in principle arbitrary precision.
In this letter the goal will be to develop a more detailed physical picture of the Heisenberg-Uncertainty-Relation.

[1] A. Einstein, B. Podolsky and N. Rosen, Can quantum-mechanical descriptions of physical reality be con-
sidered complete?, Phys. Rev. 47, 777-780 (1935).

[2] R. Schnabel, N. Mavalvala, D.E. McClelland and P.K. Lam, Quantum metrology for gravitational wave
astronomy, Nat. Commun.1,121 (2010)

[3] V. Giovannetti, S. Lloyd and L. Maccone, Quantum-enhanced measurements:beating the standard quantum,
Science 306,1330–1336 (2004)

[4] D’Ariano et al, Using entanglement improves the precision of quantum measurements, Phys. Rev. Lett 87,
270404 (2001).

[5] S.Steinlechner et al, Quantum-dense metrology, Nature Photonics 7, 626-630 (2013).
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Abstract

Optical nano-tweezers enables precise trapping and manipulation of nanoparticles and atoms at the
nanoscale, which have important applications in quantum optics based on cold neutral atoms. We study the
optical forces in graphene plasmonic nanostructures and show that the exploration of graphene plasmons
provides the possibility of developing a new type of optical nano-tweezers with unprecedented trapping
capabilities.

Optical tweezers have widespread applications. Conventional optical-tweezers are diffraction-limited. Ex-
tending optical trapping down to the nanometre scale will open unprecedented opportunities in many fields of
science ranging from bioscience and quantum optics [1]. For example,in quantum information, manipulation of
single, cold atoms with nano-accuracy is highly desirable [2]. Plasmonics provides an effective way to realized
optical nano-tweezers and optical trapping based on metallic plasmonic nanostructures have been intensively
studied. The intrinsic plasmons in graphene exhibit strong spatial confinement, remarkable enhancement of local
electromagnetic fields and relatively low losses [3]. Graphene plasmonics are rapidly emerging as a versatile plat-
form for manipulating light at the deep subwavelength scale. Here we show theoretically and numerically that
the exploration of graphene plasmons provides the possibility of developing a new type of optical nano-tweezers
with unprecedented trapping capabilities.

We investigated optical forces in various graphene plasmonic structures. We find that strong optical near-
field forces can be generated under the illumination of mid-IR light when nanoparticles are located in the vicinity
of a doped graphene film [4]. These strong forces are attributed to the excitation of graphene plasmons which
lead to large optical gradients in the near field. For a graphene film patterned with nanoholes, the optical forces
can generate an efficient optical trapping potential for dielectric particles with a diameter of less than 10nm
which is three orders smaller than the wavelength of trapping light with an intensity of only a few mW/µm2.

We also studied hybrid plasmonic structures where optical trapping at the nanoscale can be realized with
the excitation of surface plasmons in metallic structures under the illumination of visible and near infrared
light or with the excitation of graphene plasmons under the illumination of mid- and far-infrared light. This
provides a versatile platform for trapping and manipulating nanoparticles/atoms with high accuracy and may
be exploited for quantum optics based on cold neutral atoms.

[1] M. L. Juan, M. Righini, and R. Quidant, Plasmon nano-optical tweezers, Nature Photon. 5, 349–356(2011).

[2] D. Barredo, S. de Léséleuc, V. Lienhard, T. Lahaye, and A. Browaeys, An atom-by-atom assembler of
defect-free arbitrary two-dimensional atomic arrays, Science 354, 1021-1023(2016).

[3] F. H. Koppens, D. E. Chang, and F. J. Garcia de Abajo, Graphene plasmonics: a platform for strong
light–matter interactions, Nano Lett. 11, 3370–3377 (2011).

[4] J. Zhang, W. Liu, Z. Zhu, X. Yuan, and S. Qin, Towards nano-optical tweezers with graphene plasmons:
Numerical investigation of trapping 10-nm particles with mid-infrared light, Scientific Reports 6:38086
(2016).
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Abstract

We discuss the performance of weak measurement in precision metrology and demonstrate its advantage
in practical applications with two examples.

Weak measurement can dramatically amplify a small effect [1], therefore has received increasing interest in
metrology. Yet the amplification effect of weak measurement comes at the cost of a reduction in the rate at
which data can be acquired, due to the requirement to select almost orthogonal pre- and post-selected states.
Therefore whether weak measurement can really enhance the measurement precision or even beat the classical
limit has been under debate for long time [2]. Here we investigate two precision metrology schemes using weak
measurement. The first one can be viewed as a weak measurement in the phase space. By coupling a single
photon with an intense coherent beam, we demonstrate a measurement precision at the Heisenberg limit with
the proper pre- and post-selection on the superposition state of the single photon [3]. For the second scheme we
study the performance of weak measurement in tracking light beam displacements with a scientific CCD. We
show that, with the presence of classical noise and detector saturation that are ubiquitous in CCD arrays [4],
weak measurement outperforms conventional measurement in terms of measurement precision. Our results
foreshadow the applications of weak measurement in quantum-enhanced metrology.

[1] Y. Aharonov, D. Z. Albert, and L. Vaidman, How the result of a measurement of a component of the spin
of a spin-1/2 particle can turn out to be 100, Phys. Rev. Lett. 60, 1351–1354 (1988).

[2] L. Zhang, A. Datta and I.A. Walmsley, Precision metrology using weak measurements, Phys. Rev. Lett.
114, 210801 (2015).

[3] G. Chen, L. Zhang, W.-H. Zhang, X.-X. Peng, L. Xu, Z.-D. Liu, X.-Y. Xu, J.-Sh. Tang, Y.-N. Sun, D.-Y. He,
J.-Sh. Xu, Z.-Q. Zhou, Ch.-F. Li, and G.-C. Guo, Achieving Heisenberg-Scaling Precision with Projective
Measurement on Single Photons, Phys. Rev. Lett. 121, 060506 (2018).

[4] J. Harris, R.W. Boyd, and J.S. Lundeen, Weak Value Amplification Can Outperform Conventional Mea-
surement in the Presence of Detector Saturation, Phys. Rev. Lett. 118, 070802 (2017).
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Abstract

We show that strong optical activity can be obtained in unpatterned monolayer black phosphorus (BP).
The optical activity can be attributed to the extrinsic chirality from the mutual orientation of the BP
film with in-plane anisotropy and the incident light. This phenomenon may have potential applications in
spectroscopy, polarization optics and precision metrology.

The interaction of circularly polarized light with two-dimensional atomic crystals has attracted significants
attentions in the past few years. It can lead to interesting phenomena which, by incorporating the quantum weak
measurement techniques [1, 2], may be exploited for precision metrology or characterization of the structure
parameters.

Black phosphorus (BP) is two-dimensional material known for its intrinsic anisotropy. This property has
been explored for novel effects and potential applications including photonic spin Hall effect (SHE) [3] and
polarization convertors [4]. In this talk, we show theoretically and numerically that strong optical activity
responses can be realized in unpatterned monolayer BP. The unpatterned black phosphorus is simply put on
the top of a homogeneous and isotropic semi-infinite substrate with the oblique incidence of circularly polarized
waves (RCP or LCP). The projection of incident plane in in-plane should not coincide with the crystal axis
to avoid mirror line in the plane of incidence. Simulation results show that the maximum circular dichroism
can be higher than 10% in the THz range when the incident angle β and the azimuth α are fixed as 79◦

and 40◦, respectively. The optical activity, including both circular dichroism and circular birefringence, is
caused by extrinsic 3D chirality which relies on the mutual orientation of incident beam with the BP film. The
obtained circular dichroism in this atomically thick material is comparable to that in previously reported chiral
metamaterials and the optical activity is inherently tunable by controlling the Fermi level of monolayer BP.
This phenomena may promote the research on polarization-dependent quantum optical effects in atomically
thick materials and find applications in spectroscopy, polarization optics and precision metrology.

[1] O. Hosten, and P. Kwait, Observation of the Spin Hall Effect of Light via Weak Measurements, Science
319, 787–790(2008).

[2] L. Cai, M. Liu, S. Chen, Y. Liu, W. Shu, H. Luo, and S. Wen, Quantized photonic spin Hall effect in
graphene, Physical Review A 95, 013809 (2017).

[3] W. Zhang, W. Wu, S. Chen, J. Zhang, X. Ling, W. Shu, H. Luo, and S. Wen, Photonic spin hall effect on
the surface of anisotropic two-dimensional atomic crystals, Photonics Research 6, 511–516 (2018).

[4] Q. Hong, F. Xiong, W. Xu, Z. Zhu, K. Liu, X. Yuan, J. Zhang, and S. Qin, Towards high performance
hybrid two-dimensional material plasmonic devices: strong and highly anisotropic plasmonic resonances in
nanostructured graphene-black phosphorus bilayer, Optics Express 26, 22528–22535 (2018).
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Nanodevices for emission and detection of single photons
V. Zwiller1,3, J. Zichi1,3, S. Gyger1,A. W. Elshaari1, L. Schweickert1, K. D. Jöns1, T. Lettner1, K. D.

Zeuner1,  E. Schöll1, A. Fognini3, I. Esmaeil Zadeh2, S. Dobrovolskiy3, R. Gourgues3, J. W. N.
Los3, G. Bulgarini3 and S. Dorenbos3

1Department of Applied Physics, KTH, Stockholm, Sweden
2Department of Optics, TU Delft, The Netherlands

3Single Quantum, Delft, The Netherlands
E-mail: zwiller@kth.se

With the aim of implementing quantum networks, we develop nanoscale devices to

generate quantum states of light with semiconductor quantum dots, single photon

detectors based on superconducting nanowires and integrated photonic circuits to

filter, route and detect single photons.

The generation of single photons can readily be performed with single quantum dots.

We demonstrate very high single photon purity, exceeding 99.99% generated at 795

nm  [1]  allowing  for  interfacing  with  rubidium  vapors.  To  enable  long  distance

quantum  communication,  we  also  develop  quantum  dot  devices  able  to  emit  at

telecom frequencies [2].

To allow for complex architectures, on-chip integration is required. We demonstrate

filtering and routing of  single photons with tunable ring resonators on a chip and

discuss the scalability of this approach [3].

Generation and manipulation of quantum states of light would be useless without

single  photon  detectors.  We  are  therefore  developing  high-performance  single

photon detectors based on superconducting nanowires and will present state-of-the-

art performance in terms of detection efficiency, low dark counts and time resolution.

References

[1] L. Schweickert  et al.,  On-demand solid-state single-photon source with 99.99% purity, Appl. Phys.

Lett. 112, 093106 (2018).

[2] K. D.  Zeuner  et  al., A stable wavelength-tunable  triggered  source  of  single photons and cascaded

photon pairs at the telecom C-band, Appl. Phys. Lett. Accepted (2018).

[3] A. W. Elshaari et al., On-chip single photon filtering and multiplexing in hybrid quantum photonic

circuits, Nat. Commun. 8, 379  (2017). 
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energy-time entangled two-photon
pulses� (Thu.pm.1A, page 168)

S¦dziak-Kacprowicz, Karolina
(Nicolaus Copernicus Univer-
sity) �Single photon temporal
wavepacket control for qudit encod-
ing� (Thu.Poster, page 169)

Se�, Seckin (Palacky Univer-
sity) �Deterministic implementa-
tion of two mode cubic coupling�
(Tue.Poster, page 170)

Senellart, Pascale (Center for
Nanoscience and Nanotechnol-
ogy) Invited Talk �Genera-
tion of non-classical light in
a photon-number superposition�
(Wed.am.2A, page 171)

Sergienko, Alexander (Boston Uni-
versity) �New Linear-Optical Ap-
proach to Quantum Information
Processing and Quantum Simula-
tion� (Fri.pm, page 172)

Sidhu, Jasminder (University of
She�eld) �Optimal estimation of
complex squeezing in phase space�
(Tue.Poster, page 173)

Smirne, Andrea (Universität Ulm)
�Simulation of non-Markovian dy-
namics by certi�ed auxiliary mod-
els� (Tue.pm.1B, page 174)

So±nicki, Filip (University of
Warsaw) �Bridging sub-GHz and
telecom spectral bandwidths of
single-photon pulses� (Thu.pm.1A,
page 175)

Stobinska, Magdalena (University
of Warsaw) �Photonic quantum sim-
ulations of SSH-type topological in-
sulators with perfect state transfer�
(Mon.pm.1A, page 176)

Streltsov, Alexander (University of
Warsaw) �Quantum coherence and
state conversion: theory and exper-
iment� (Mon.am.2, page 177)

Suciu, Serban (National Institute
of Physics and Nuclear Engineer-
ing) �Resource Theory in two-
mode Gaussian Open Systems�
(Thu.Poster, page 178)

Su, Xiaolong (Shanxi University)
�Distribution of Gaussian Einstein-
Podolsky-Rosen steering by separa-
ble states� (Thu.Poster, page 179)

Sukharnikov, Vladislav (Lomonosov
Moscow State University) �Manag-
ing weights and probing the phases
of Schmidt modes of squeezed vac-
uum light� (Thu.Poster, page 180)

Svozilík, Ji°í (Yachay Tech Univer-
sity) Entanglement Witness for Hy-
brid Bipartite States Based on the
Negativity Volume of the Wigner
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Function (Thu.Poster, page 181)

T

Tamascelli, Dario (Università degli
Studi di Milano) �E�cient simu-
lation of �nite-temperature open
quantum systems� (Tue.Poster,
page 182)

Tamma, Vincenzo (University of
Portsmouth) Invited Talk �The
quantum computational and metro-
logical supremacy of multiphoton
interference with scalable sources�
(Tue.pm.1B, page 183)

Thiele, Frederik (Universität Pader-
born) �Polarisation Modulation in
Cryogenic Lithium Niobate Waveg-
uides� (Tue.Poster, page 184)

Thornton, Matthew (University of
St Andrews) �E�cient generation
of sub-Poissonian light via coher-
ent di�usive photonics� (Tue.Poster,
page 185)

Tiedau, Johannes (University of
Paderborn) �Limits for herald-
ing higher-order Fock states�
(Tue.Poster, page 186)

Tikhonova, Olga (Lomonosov
Moscow State University) �Control-
lable enhancement of non-classical
squeezed light in correlated orbital
momentum modes� (Thu.pm.1B,
page 187)

Triggiani, Danilo (University of
Portsmouth) �Quantum metrology
with squeezed states� (Tue.Poster,
page 188)

V

Vanselow, Aron (Humboldt-
Universität zu Berlin) �Mid-infrared
frequency-domain optical coherence
tomography with undetected pho-
tons� (Tue.Poster, page 189)

Vu£kovi¢, Jelena (Stanford Uni-
versity) Plenary Talk �Connect-
ing quantum systems through op-
timized photonics� (Wed.am.1,
page 190)

Vukics, András (Wigner Research
Centre for Physics of the Hungarian
Academy of Sciences) �From super-
radiant criticality to solidi�cation
� fundamental limitation of ultra-
strong coupling between light and
atoms� (Tue.pm.2A, page 191)

W

Walk, Nathan (Freie Universität
Berlin) �Optimal realistic attacks
in continuous-variable quantum key
distribution� (Tue.pm.2B, page 192)

Walther, Philip (University of Vi-
enna) Invited Talk �Quantum pho-
tonics for secure quantum comput-
ing and novel communication tasks�
(Fri.am.1, page 193)

Wang, Bo (Beijing Institute of Tech-
nology) �Experimental observation
of topologically protected bound
states with vanishing Chern num-
bers in two dimensional quantum
walk� (Mon.pm.1A, page 194)

Wang, Hui (University of Science
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and Technology of China) �On-
demand semiconductor source of
entangled photons which simultane-
ously has high �delity, e�ciency and
indistinguishability� (Wed.am.2A,
page 195)

Wang, Lei (Beijing Institute of
Technology) �Experimental High-
Dimensional Einstein-Podolsky-
Rosen Steering� (Thu.Poster,
page 196)

Widhalm, Alex (Universität Pader-
born) �Ultrafast electric con-
trol of coherent quantum states�
(Thu.Poster, page 197)

Wrachtrup, Jörg (University of
Stuttgart) Plenary Talk �Multi-
parameter quantum sensing with
nanoscale resolution� (Tue.am.1,
page 198)

Wu, Ling-An (Chinese Academy
of Sciences) �High-Resolution Low-
Radiation Ghost Imaging with an
Incoherent X-ray Source� (Fri.pm,
page 199)

X

Xu, Feixiang (Nanjing University)
�Experimental quanti�cation of co-
herence of Quantum Measurement�
(Tue.Poster, page 200)

Xu, Liang (Nanjing University)
�Directly Characterizing Quantum
Measurement via Weak Value�
(Tue.Poster, page 201)

Y

Yalcinkaya, Iskender (Czech Techni-
cal University in Prague) �Synchro-
nizing spins in a collision model�
(Thu.Poster, page 202)

Z

Zakharov, Roman (Lomonosov
Moscow State University) �Pho-
ton Correlations In Strongly Non-
Degenerate Parametric Down Con-
version� (Thu.Poster, page 203)

Zander, Jascha (University of Ham-
burg) �A trajectory in phase-
space surpassing the Heisenberg-
uncertainty limit� (Tue.pm.1A,
page 204)

Zhang, Jianfa (National Univer-
sity of Defense Technology) �Op-
tical trapping at the nanoscale
with graphene plasmonic nanostruc-
tures� (Thu.Poster, page 205)

Zhang, Lijian (Nanjing Univer-
sity) Invited Talk �Precision metrol-
ogy using weak measurement�
(Tue.am.2, page 206)

Zhu, Zhihong (National University
of Defense Technology,) �Optical ac-
tivity in monolayer black phospho-
rus� (Tue.Poster, page 207)

Zwiller, Val (Kungliga Tekniska
Högskolan) Invited Talk �Nanode-
vices for emission and detection
of single photons� (Thu.pm.2B,
page 208)
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