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Dear Colleagues,
”Servus” and welcome to Vienna !

We are pleased and honored to host the 11%* International Conference on
Quantum Communication, Measurement and Computing (QCMC) and
hope that you will have an exciting and inspiring week. The goal of the
QCMC is to encourage and bring together scientists and engineers
working in the interdisciplinary field of quantum information science and
technology. Browsing through this book of abstracts, you will find an
impressive body of work in the talks and poster sessions.

Just as important, we encourage you to enjoy the beautiful city of Vienna
and grasp the wonderful mixture of arts, culture, science, and savoir-vivre
that it offers.

Science in general and a conference in particular is all about
communicating and exchanging ideas. In this spirit of scientific exchange,

we would like to thank you in advance for your active contribution to
making QCMC 2012 a success.

With best wishes from the organizers,

Jorg Schmiedmayer Arno Rauschenbeutel Stephan Schneider
Principal Chair Co-Chair Organisation
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About QCMC 2012

The International Conference on Quantum Communication, Measurement and Computing
(QCMC) was established 1990 to encourage and bring together scientists and engineers working
in the interdisciplinary field of quantum information science and technology. To date, ten such
meetings have been held and the eleventh is taking place summer 2012 in Vienna/Austria.

Topics of the conference:

Foundation of Quantum Physics

Quantum Measurements and Metrology

Quantum Control

Quantum Communication and Cryptography

Quantum Information and Communication Theory
Quantum Information and Communication Implementations

S T = W N~

In connection with the conference, proceedings will be published jointly with the American
Institute of Physics (AIP), which will appear approximately one year after the conference.

Previous QCMC Conferences

Quantum Aspects of Optical Communication, Paris, France, 1990

Quantum Communication and Measurement, Nottingham, United Kingdom, 1994
Quantum Communication and Measurement, Fuji-Hakone, Japan, 1996

Quantum Communication, Measurement and Computing, Evanston, IL, USA, 1998
Quantum Communication, Measurement and Computing, Capri, Italy, 2000
Quantum Communication, Measurement and Computing, Cambridge, MA, USA 2002
Quantum Communication, Measurement and Computing, Glasgow, UK, 2004
Quantum Communication, Measurement and Computing, Tsukuba, Japan, 2006
Quantum Communication, Measurement and Computing, Calgary, Canada, 2008
Quantum Communication, Measurement and Computing, Brisbane, Australia, 2010

QCMC Steering Committee

Founding Chair (Honorary) — Osamu Hirota
Chair — Prem Kumar
Past-Chair — Jeffrey Shapiro
Vice-Chair — Mauro D’Ariano
Australia — Ping Koy Lam
Australia — Tim Ralph
Canada — Christopher Fuchs
Canada — Alexander Lvovsky
Europe — Philippe Grangier
Europe — Jorg Schmiedmayer
China — Jian-Wei Pan

Japan — Masahide Sasaki
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Programm Commitee

Rainer Blatt (University of Innsbruck, Austria)

Tommaso Calarco (University of Ulm, Germany)

Daniel Esteve (CEA Saclay, France)

Christopher A. Fuchs (Perimeter Institute, Waterloo, Canada)
Philippe Grangier (Laboratoire Charles Fabry, Palaiseau, France)
Mikhail Lukin (Harvard University, USA)

Hideo Mabuchi (Stanford University, USA)

Gerard J. Milburn (University of Queensland, Brisbane, Australia)
Kae Nemoto (NII, Tokyo, Japan)

Jian-Wei Pan (University of Science and Technology of China, Hefei, China)
Eugene S. Polzik (Nils Bohr Institute, Kopenhagen, Denmark)
Trey Porto (NIST / JQI, Gaithersburg, USA)

Masahide Sasaki (NICT, Koganei, Japan)

Jeffrey H. Shapiro (MIT, Cambridge, USA)

Barbara Terhal (RWTH Aachen, Germany)

Anton Zeilinger (IQOQI, Vienna, Austria)

Peter Zoller (University of Innsbruck, Austria)

Organizing Committee

Jorg Schmiedmayer, Principal Chair (Vienna University of Technology, Austria)
Arno Rauschenbeutel, Co-Chair, (Vienna University of Technology, Austria)
Prem Kumar (ex-officio), (Northwestern University, Evanston, USA)

Stephan Schneider, Organisation (Vienna University of Technology, Austria)
Markus Aspelmeyer (University of Vienna, Austria)

Rainer Blatt (University of Innsbruck / IQOQI, Austria)

Thorsten Schumm (Vienna University of Technology, Austria)

Rupert Ursin (University of Vienna / IQOQI, Austria)

Frank Verstraete (University of Vienna, Austria)

Philip Walther (University of Vienna, Austria)

QCMC Award Committee

Prem Kumar (Steering Committee Chair)

Giacomo Mauro D’Ariano (Steering Committee Vice-Chair)
Jeffrey H. Shapiro (past Steering Committee Chair)

Tim Ralph (past chair QCMC)

Jorg Schmiedmayer (current chair QCMC)

QCMC Best Poster Award Committee

Markus Aspelmeyer
Tobias Nobauer
Sven Ramelow

QCMC Book of Abstracts

Angelika Hable
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General Information

PUBLIC TRANSPORT

The City of Vienna is proud of its well-developed and dense network of public transport.
Options for tickets: Single ticket: 2 €, Weekly Ticket: 15 €, multi-trip tickets: 8€/4 journeys,
16€/8 journeys; Vienna tickets: 6.70 € /24h, or 11.70 € /48h or 14.50 € /72h (You get them
from the red ticket machines at every subway or train station or from tobacco shops.)

Note: There will be no service on line Ul between Schwedenplatz and
Reumanplatz

FROM THE AIRPORT TO THE CITY

Standard (24 min): railway 4 € (2 single tickets ), leaves airport at xx:18 and xx:48; More
expensive (16 min): City Airport Train (CAT): 10 €, leaves airport at xx:05 and xx:35; Even
more expensive (approx. 30 min): Taxi ca. 40 €

TAXI SERVICE: Call 0160160 or 0131300 or 0140100 or 0136100

NAME BADGES: All participants are requested to wear their name badges at all times
during the conference. Organizing committee members may be identified by the yellow name
badges and student helpers by the green name badges.

TELEPHONE NUMBER: Conference office +43-1-58801-141 202

LUNCH TIME BREAK: There are several possibilities for lunch: from the basic and
inexpensive student cafeteria (Mensa, 2nd floor, yellow area) to the famous Naschmarkt. You
find several restaurants and cafes on the venue map at the back cover of this book.

SPEAKERS POWERPOINT PRESENTATIONS: For all technical issues, students
are always available in the Grand Cupola Hall and will be happy to assist the speakers. Laser
pointers will be provided.

POSTER SESSIONS: The poster boards will be 2x1m. Posters in size A0 will only fit in
portrait format. Material for attaching the posters will be provided.

QCMC CONFERENCE OFFICE:

If you have any needs or special requirements, please ask our conference secretary:

Ms. Evgeniya Ryshkova Ms. Evgeniya Ryshkova

Vienna University of Technology Atominstitut

Main Building, 5th floor Institute of Atomic and Subatomic Physics
Room AA-04-28 Vienna University of Technology
Karlsplatz 13 Stadionallee 2

1040 Vienna 1020 Vienna

Austria Austria

Visit to Wine Tavern on Friday:

Address: “Heuriger Fuhrgassl-Huber”, 1190 Wien, Neustift am Walde 68 (quite some distance
away from city centre). Buses will pick us up on Fr. 6:30 pm from the Novomatic Forum and
also bring us back at night to the town centre
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Visit of Abbey Melk — Conference Dinner - boat trip to Vienna

The social event of the conference will take place on Wednesday afternoon, 1st of August. The
participants will leave Vienna by bus and go in about one hour to the world famous Melk
Abbey, a baroque Benedictine abbey, overlooking impressively the river Danube in the Wachau
valley. After a guided tour of the abbey, we will embark on the recently renovated ”MS Admiral
Tegetthoff”. The ship is booked exclusively for the participants of the conference. While
travelling down the Danube, the conference dinner will be available as a buffet.

The time plan for Wednesday, 1st of August afternoon:

14:00

15:00

16:00
17:15
19:00
23:15

Buses leave intermittently from Novomatic Forum (Way from the TU Vienna main
building to Novomatic Forum, where the bus leaves: walking 5 min)

Arrival at Abbey Melk and guided tour of the Abbey (Afterwards buses will

bring you to the ship, but you may also take a pleasant walk in 30 min down to the
landing stage)

Start boarding the "MS Admiral Tegetthoff”

"MS Admiral Tegetthoff” leaves towards Vienna

Conference Dinner

Arrival in Vienna, close to subway station ” Vorgartenstrasse” (Subway Ul goes only
to Schwedenplatz)

Very Important:

PLEASE BE AT 17:15 LATEST AT THE LANDING STAGE.

The ship imperatively needs to leave on time.
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Walking time from arrival point in Vienna subway station: 10min
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Monday

8:45
9:00

9:50

10:10

10:30

11:00

11:30

12:00

12:20

12:40
14:00

14:30

15:00

15:20

15:40
16:10

16:40

17:10

17:30

18:00

Opening Remarks

Gerard J. Milburn

Hybrid quantum systems (MON-1)

David Kielpinski

Quantum interface between an electrical circuit and a single atom (MON-2)

Philipp Treutlein
Hybrid atom-membrane optomechanics (MON-3)

Coffee Break

Patrice Bertet

Hybrid quantum circuit with a superconducting qubit coupled to a spin ensemble
(MON-4)

Oskar Painter

Chip-Scale Optomechanics: towards quantum light and sound (MON-5)

William Munro
Coupling a superconducting flux qubit to an NV ensemble: A hybrid system’s approach
for quantum media conversion (MON-6)

Caslav Brukner
Quantum correlations with indefinite causal order (MON-T)

Lunch Break

Christine Silberhorn
Integrated, time multiplexed photonic networks (MON-8)

Andrew White
Engineering photonic quantum emulators and simulators (MON-9)

Anthony Laing
Observation of quantum interference as a function of Berry’s phase in a complex
Hadamard optical network (MON-10)

Howard Wiseman
Are dynamical quantum jumps detector-dependent? (MON-11)

Coffee Break

Morgan W. Mitchell
Quantum-enhanced magnetometry with photons and atoms (MON-12)

Vladan Vuletié¢
Slow photons interacting strongly via Rydberg atoms (MON-13)

Zilong Chen
Superradiant Raman Laser with <1 Intracavity Photon (MON-14)

Jiirgen Volz
Observation of strong coupling of single atoms to a whispering-gallery-mode bottle
microresonator (MON-15)

Poster session 1
TU Main building Prechtl hall, 1st floor
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Tuesday

9:00

9:50

10:10

10:30
11:00

11:30

12:00

12:20

12:40
14:00

14:30

15:00

15:20

15:40
16:10

16:40

17:10

17:30

18:00

Anton Zeilinger
Schrodinger’s Steering, Mutually Unbiased Bases, and Applications in Photonic Quantum
Quantum Information (TUE-1)

Paul Kwiat
Efficiently heralded sources for loophole-free tests of monlocality and single-photon
vision research (TUE-2)

Robert Fickler
Entanglement of Very High Orbital Angular Momentum of Photons (TUE-3)

Coffee Break

Dietrich Leibfried
Towards scalable quantum information processing with trapped ions (TUE-4)

Christian Roos
Schrddinger cat state spectroscopy with trapped ions (TUE-5)

Wenjamin Rosenfeld
Heralded entanglement between widely separated atoms (TUE-6)

Daniel Nagaj
Quantum Speedup by Quantum Annealing (TUE-T)
Lunch Break

Herschel A. Rabitz
Control in the Sciences over Vast Length and Time Scales (TUE-8)

Simone Montanegro
Control of correlated many-body quantum dynamics (TUE-9)

Warwick Bowen
Quantum microrheology (TUE-10)

Ivan H. Deutsch
Fast quantum tomography via continuous measurement and control (TUE-11)

Coffee break

Renato Renner
Reliable Quantum State Tomography (TUE-12)

Norm Yao
Room Temperature Quantum Bit Memory Exceeding One Second (TUE-13)

Raul Garcia-Patrén
The Holy Grail of Quantum Optical Communication (TUE-14)

Beni Yoshida
Information storage capacity of discrete spin systems (TUE-15)

Poster session 2
TU Main building Prechtl hall, 1st floor
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Wednesday
9:00 Ignacio Cirac
Quantum memories for few qubits: design and applications (WED-1)
9:50 Barbara Kraus
Compressed quantum simulation of the Ising model (WED-2)
10:10 Mile Gu
Occam’s Quantum Razor: How Quantum Mechanics can reduce the Complexity of
Classical Models (WED-3)
10:30 Coffee Break
QCMC AWARD SESSION
11:00 Jian-Wei Pan
Recent Experiments on Quantum Manipulation with Photons and Atoms (WED-4)
11:45 Seth Lloyd
Quantum Heat (WED-5)
12:40 Lunch Break
14:00 Bus is going to Melk Abbey (see map on the back cover)
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Thursday

9:00

9:50

10:10

10:30
11:00

11:30

12:00

12:20

12:40

14:00

14:30

15:00

15:20

15:40
16:10

16:40

17:10

17:30

18:00

Nicolas Gisin
Quantum Cryptography and Quantum Repeaters (THU-1)

Markus Rau

Quantum key distribution using electrically driven quantum-dot single photon sources
on a free space link (THU-2)

Nelly Ng Huei Ying

First implementation of bit commitment in the Noisy-Storage Model (THU-3)

Coffee Break

Masahide Sasaki
Novel quantum key distribution technologies in the Tokyo QKD Network (THU—4)

Vittorio Giovannetti
Quantifying the noise of a quantum channel by noise addition (THU-5)

Sander N. Dorenbos
Superconducting Nanowire Single Photon Detectors for quantum optics and quantum
plasmonics (THU-6)

Thomas Gerrits
On-chip, photon-number-resolving, telecom-band detectors for scalable photonic
information processing (THU-T)

Lunch Break

Wolfgang Tittel
Quantum repeaters using frequency-multiplexed quantum memories (THU-8)

Ian Walmsley
Entangbling - Quantum correlations in room-temperature diamond (THU-9)

Nuala Timoney
A long lived AFC quantum memory in a rare earth doped crystal (THU-10)

Kae Nemoto
Quantum Information Network based on NV Diamond Centers (THU-11)

Coffee Break

Akira Furusawa
Hybrid quantum information processing (THU-12)

Carlton M. Caves
Back to the future: QND, BAE, QNC, QMFS, and linear amplifier (THU-13)

Christopher Ferrie
Minimazx quantum tomography: the ultimate bounds on accuracy (THU-14)

Matthew T. Rakher
Simultaneous Wavelength Translation and Amplitude Modulation of Single Photons
from a Quantum Dot (THU-15)

Poster session 3
TU Main building Prechtl hall, 1st floor
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Friday

9:00

9:50

10:10

10:30
11:00

11:30

12:00

12:20

12:40

14:00

14:30

15:00

15:20

15:40
16:10

16:40

17:00

17:20

18:30

Markus Oberthaler

Quantum Atom Optics - single and two mode squeezing with Bose Einstein condensates
(FRI-1)

Tim Langen

Relazation and Pre-thermalization in an Isolated Quantum System (FRI-2)

Yuji Hasegawa

Error-disturbance uncertainty relation studied in successive spin-measurements (FRI-3)

Coffee Break

Dmitry Gavinsky
Quantum Money with Classical Verification (FRI-4)

Vadim Makarov
Laser damage of photodiodes helps the eavesdropper (FRI-5)

Charles Ci Wen Lim
Self-testing quantum cryptography (FRI-6)

Mark S. Tame
Ezxperimental Characterization of the Quantum Statistics of Surface Plasmons in Metallic
Stripe Waveguides (FRI-T)

Lunch Break

Philippe Grangier
Manipulating single atoms and single photons using cold Rydberg atoms (FRI-8)

Michel Brune
Stabilization of Fock states in a high Q) cavity by quantum feedback (FRI-9)

Stephan Ritter
An Elementary Quantum Network of Single Atoms in Optical Cavities (FRI-10)

Tobias Donner
Exploring cavity-mediated long-range interactions in a quantum gas (FRI-11)

Coffee Break

Jorg Wrachtrup
Entangling distant electron spins (FRI-12)

Paola Cappellaro
Quantum information Transport in Mized-State Networks (FRI-13)

Hannes Bernien
Quantum Networks with Spins in Diamond (FRI-14)

Nir Bar-Gill
Suppression of spin bath dynamics for improved coherence in solid-state systems

(FRI-15)

Bus is going to the Heurigen (wine travern)



16

QCMCy:,

Vienna, Austria

Poster session 1-Monday

Foundation of Quantum Physics

P1-0

P1-1

P1-2

P1-3

P14

P1-5

P1-6

P1-7

P1-8

P1-9

P1-10

P1-11

P1-12

P1-13

Pawel Kurzynski, Ravishankar Ramanathan and Dagomir Kaszlikowski
Entropic Test of Quantum Contextuality and Monogamy

Jean-Daniel Bancal, Stefano Pironio, Antonio Acin, Yeong-Cherng Liang, Valerio
Scarani and Nicolas Gisin
Quantum nonlocality basedon finite-speedcausal influencesleads tosuperluminal signalling

Adam Bednorz, Kurt Franke and Wolfgang Belzig
Time reversal symmetry violation in quantum weak measurements

Adén Cabello Costantino Budroni, Otfried Giihne, Matthias Kleinmann and Jan-
Ake Larsson

Tight inequality for qutrit state-independent contextuality

Ognyan Oreshkov, Fabio Costa and Caslav Brukner
Quantum correlations with no causal order

Devin H. Smith, Geoff Gillett, Marcelo P. de Almeida, Cyril Branciard, Alessandro
Fedrizzi, Till J. Weinhold, Adriana Lita, Brice Calkins, Thomas Gerrits, Howard M.
Wiseman, Sae Woo Nam, Andrew G. White

Conclusive quantum steering with superconducting transition edge sensors

Chirag Dhara, Giuseppe Prettico and Antonio Acin
Symmetry arguments to certify and quantify randomness

Yuji Hasegawa and Daniel Erdési
Violation of a Bell-like inequality

David Evans and Howard M. Wiseman
Optimal Strategies for Tests of EPR-Steering with No Detection Loophole

Masanori Hiroishi, Holger F. Hofmann
Weak measurement statistics of correlations between input and output in quantum
teleportation

Holger F. Hofmann

Optimal cloning as a universal quantum measurement: resolution, back-action, and
joint probabilities

Holger F. Hofmann

What the complex joint probabilities observed in weak measurements can tell us about
quantum physics

Issam Ibnouhsein and Alexei Grinbaum
Twin Cheshire Photons

Jan Jeske and Jared H. Cole
Decoherence due to spatially correlated fluctuations in the environment
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Quantum measurements and metrology

P1-14 Thomas Antoni, Kevin Makles, Rémy Braive, Aurélien Kuhn, Tristan Briant, Pierre-
Francois Cohadon, Alexios Beveratos, Izo Abram, Luc Le Gratiet, Isabelle Sagnes,
Isabelle Robert-Philip, Antoine Heidmann
Cavity optomechanics with a nonlinear photonic crystal nanomembrane

P1-15 Stefan L. Christensen, Jiirgen Appel, Jean-Baptiste Béguin, Heidi L. Sgrensen, and
Eugene S. Polzik
Towards realization and detection of a non-Gaussian quantum state of an atomic
ensemble

P1-16 Thomas B. Bahder
Quantum and Classical Measurements: Information as a Metric of Quality

P1-17 Hugo Benichi and Akira Furusawa
Optical homodyne tomography with polynomial series expansion

P1-18 Robin Blume-Kohout
Robust error bars for quantum tomography

P1-19 Agata M. Branczyk, Dylan H. Mahler, Lee A. Rozema, Ardavan Darabi, Aephraim
M. Steinberg and Daniel F. V. James
Self-calibrating Quantum State Tomography

P1-20 Gabriel A. Durkin, Vadim N. Smelyanskiy and Sergey 1. Knysh
Quantum Shape Sensor

P1-21 T. Gerrits, F. Marsili, V. B . Verma, A. E. Lita, Antia Lamas Linares, J. A. Stern,
M. Shaw, W. Farr, R. P. Mirin, and S. W. Nam
Joint Spectral Measurements at the Hong-Ou-Mandel Interference Dip

P1-22  Shuro Izumi, Masahiro Takeoka, Mikio Fujiwara, Nicola Dalla Pozza, Antonio
Assalini, Kazuhiro Ema and Masahide Sasaki
Quantum displacement receiver with feedforward operation for MPSK signals

P1-23 Marcin Jarzyna and Rafal Demkowicz-Dobrzanski
Quantum interferometry with and without an external phase reference

P1-24 B. Bell, S. Kannan, A. McMillan, A. Clark, W. Wadsworth and J. Rarity
Quantum metrology with fibre sources

P1-25 Minaru Kawamura, Tatsuya Mizukawa, Ryouhei Kunitomi and Kosuke Araki
Observation of single spin by transferring the coherence to a high energy macroscopic
pure state

P1-26 Tobias Moroder, Matthias Kleinmann, Philipp Schindler, Thomas Monz, Otfried
Giihne and Rainer Blatt
Detection of systematic errors in quantum tomography

Quantum control

P1-27 Sarah Adlong, Stuart Szigeti, Michael Hush and Joe Hope
Quantum control of a Bose-Finstein condensate in a harmonic trap

P1-28 Philipp Ambichl, Florian Libisch, and Stefan Rotter
Generating Particlelike Scattering States in Wave Transport
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P1-29 Zilong Chen, Justin G. Bohnet, Joshua M. Weiner and James K. Thompson
General Formalism for Fvaluating the Impact of Phase Noise on Bloch Vector Rotations

P1-30 Li Li, Andy Chia and Howard M. Wiseman
The Pointer Basis and Feedback Stabilization of Quantum Systems
Quantum Communication and Cryptography

P1-31 Fabian Furrer, Torsten Franz, Mario Berta, Volkher B. Scholz, Marco Tomamichel
and Reinhard F. Werner
Continuous Variable Quantum Key Distribution: Finite-Key Analysis of Compos-
able Security against Coherent Attacks

P1-32 Rémi Blandino, Anthony Leverrier, Marco Barbieri, Philippe Grangier and Rosa
Tualle-Brouri
Heralded noiseless linear amplifier in continuous variables QKD

P1-33 Brendon Higgins, Jean-Philippe Bourgoin, Nikolay Gigov, Evan Meyer-Scott,
Zhizhong Yan and Thomas Jennewein
Performance Analysis of the Proposed QEYSSAT Quantum Receiver Satellite

P1-34 N. Bruno, T. Guerreiro, P. Sekatski, A. Martin, C.I. Osorio, E. Pomarico, B.
Sanguinetti, N. Sangouard, H. Zbinden and R.T. Thew
Characterization of pure narrow band photon sources for quantum communication

P2-35 Helen M. Chrzanowski, Mile Gu, Syed M. Assad, Thomas Symul, Kavan Modi,
Timothy C. Ralph, Vlatko Vedral and Ping Koy Lam

Discord as a Quantum Resource for Bi-Partite Communication

P1-36 Vedran Dunjko, Elham Kashefi, Anthony Leverrier
Blind Quantum Computing with Weak Coherent Pulses

P1-37 Mikio Fujiwara, Tomoyasu Domeki, Ryo Nojima, and Masahide Sasaki
Secure network switch with Quantum key distribution system

P1-38 Fumio Futami and Osamu Hirota
Field transmission test of 2.5 Gb/s Y-00 cipher in 160-km (40 km x 4 spans)
installed optical fiber for secure optical fiber communications

P1-39 Thiago Guerreiro, Enrico Pomarico, Bruno Sanguinetti, Nicolas Sangouard, Robert
Thew, Hugo Zbinden, Nicolas Gisin, J. S. Pelc, C. Langrock and M. M. Fejer
Faithful Entanglement Swapping Based on Sum Frequency Generation

P1-40 V. Handchen, T. Eberle, J. Duhme, T. Franz, R.Werner and R. Schnabel
Quantum Key Distribution on Hannover Campus - Establishing Security against
Coherent Attacks

P1-41 B. Heim, C. Peuntinger, C. Wittmann, C. Marquardt and G. Leuchs
Atmospheric Quantum Communication using Continuous Polarization Variables

P1-42 Thomas Herbst, Rupert Ursin and Anton Zeilinger
A high quality quantum link for space experiments

P1-43  Evan Meyer-Scott, Zhizhong Yan, Allison MacDonald, Jean-Philippe Bourgoin, Chris
Erven, Alessandro Fedrizzi, Gregor Weihs, Hannes Hiibel and Thomas Jennewein
Revival of short-wavelengths for quantum communication applications
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Quantum Information and Communication theory

P1-44

P1-45

P1-46

P1-47

P1-48

P1-49

P1-50

P1-51

P1-52

P1-53

P1-54

P1-55

P1-56

P1-57

P1-58

P1-59

P1-60

Seiseki Akibue and Mio Murao
Implementability of two-qubit unitary operations over the butterfly network with free
classical communication

Juan Miguel Arrazola, Oleg Gittsovich and Norbert Liitkenhaus
Accessible nonlinear entanglement witnesses

Jeongho Bang, Seung-Woo Lee, Hyunseok Jeong and Jinhyoung Lee
A characterization scheme of universal operation: the universal-NOT gate

Cai Yu, Jean-Daniel Bancal and Valerio Scarani
CGLMP/ Inequality as a Dimension Witness

S. Campbell, T. J. G. Apollaro, C. Di Franco, L. Banchi, A. Cuccoli, R. Vaia, F.
Plastina and M. Paternostro
Propagation of non-classical correlations across a quantum spin chain

Tatjana Carle, Julio De Vicente, Wolfgang Diir, Barbara Kraus
Purification to Locally Maximally Entangleable States

M.F. Santos, M. Terra Cunha, R. Chaves and A.R.R. Carvalho
Quantum computing with incoherent resources and quantum jumps

Michele Dall’Arno, Giacomo Mauro D’Ariano and Massimiliano F. Sacchi
Informational power of quantum measurements

Julio I. de Vicente, Tatjana Carle, Clemens Streitberger and Barbara Kraus
Complete set of operational measures for the characterization of three—qubit en-
tanglement

Simon. J. Devitt, Alexandru. Paler, Ilia. Polian, and Kae Nemoto
Universality in Topological quantum computing without the Dual space

Alexandru Paler, Simon J. Devitt, Kae Nemoto and Ilia Polian
Classical compilers for gate optimisation in fault-tolerant quantum computing

Kieuske Fujii, Takashi Yamamoto, Masato Koashi and Nobuyuki Imoto
Fault-tolerant quantum computation and communication on a distributed 2D array
of small local systems

Omar Gamel and Daniel F. V. James
Ezxplorations in the efficiency of quantum factoring

Miroslav Gavenda, Lucie Celechovskd, Jan Soubusta, Miloslav Dusek and Radim
Filip
Visibility bound caused by a distinguishable noise particle

Oleg Gittsovich and Tobias Moroder
Calibration-robust entanglement detection beyond Bell inequalities

Saikat Guha, Ranjith Nair, Brent J. Yen, Zachary Dutton and Jeffrey H. Shapiro
Quantum limit to capacity and structured receivers for optical reading

Otfried Giihne, Sonke Niekamp and Tobias Galla
Characterizing multiparticle quantum correlations via exponential families
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Quantum Information and Communication Implementations
Atoms/Ions

P1-61

P1-62

P1-63

P1-64

P1-65

P1-66

So-Young Baek, Emily Mount, Rachel Noek, Stephen Crain, Daniel Gaultney, Andre
van Rynbach, Peter Maunz and Jungsang Kim
Long-lived ion qubits in a microfabricated trap for scalable quantum computation

Erwan Bimbard Jovica Stanojevic, Valentina Parigi, Rosa Tualle-Brouri, Alexei
Ourjoumtsev and Philippe Grangier
Deterministic generation of non-classical states of light via Rydberg interactions

Tim Byrnes
Two component Bose-Einstein condensates and their applications towards quantum
information processing

Geoff Campbell, Mahdi Hosseini, Ben Sparkes, Olivier Pinel, Tim Ralph, Ben
Buchler and Ping Koy Lam
Gradient echo memory as a platform for manipulating quantum information

Cassettari D., Bruce G., Harte T., Richards D., Bromely S., Torralbo-Campo L. and
Smirne G.
Nowel Optical Traps For Ultracold Atoms

A. Goban, K. S. Choi, D. J. Alton, D. Ding, C. Lacroute, M. Pototschnig, J. A. M.
Silva, C. L. Hung, T. Thiele, N. P. Stern and H. J. Kimble

Demonstration of a state-insensitive, compensated nanofiber trap

Quantum Information and Communication Implementations
Solid State: Superconductors, Quantum Dots, Nano mechanics etc...

P1-67

P1-68

P1-69

P1-70

Sabine Andergassen, Dirk Schuricht, Mikhail Pletyukhov and H. Schoeller
Dynamical transport in correlated quantum dots: a renormalization-group analysis

Wolfgang Belzig, Christoph Bruder, Abraham Nitzan and Adam Bednorz
Concepts and applications of weak quantum measurements

Timothy C. DuBois, Manolo C. Per, Salvy P. Russo and Jared H. Cole
Delocalised Oxygen models of two-level system defects in superconducting phase qubits

Marcio M. Santos, Fabiano O. Prado, Halyne S. Borges, Augusto M. Alcalde, José
M. Villas-Boas and Eduardo 1. Duzzioni

Using quantum state protection via dissipation in o quantum-dot molecule to solve
the Deutsch problem

Quantum Information and Communication Implementations
Defects and Ions in Crystals, Spins

P1-71

Kathrin Buczak, Achim Bittner, Christian Koller, Tobias Nobauer, Johannes
Schalko, Ulrich Schmied, Michael Schneider, Jorg Schmiedmayer and Michael
Trupke

Diamond emitters in microcavities
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Quantum Information and Communication Implementations
Photons and Linear Optics QIP

P1-72 Stefanie Barz, Elham Kashefi, Anne Broadbent, Joseph F. Fitzsimons, Anton
Zeilinger and Philip Walther
Ezperimental Demonstration of Blind Quantum Computing

P1-73 Federica A. Beduini, Yannick A. de Icaza Astiz, Vito G. Lucivero, Joanna A.
Zielinska and Morgan W. Mitchell
Multipartite photonic entanglement from polarization squeezing at 795 nm.

P1-74 Hugo Benichi, Shuntaro Takeda, Ladislav Mista Jr., Radim Filip and Akira
Furusawa
Conditional quantum teleportation of non-Gaussian non-classical states of light

P1-75 Stefan Berg-Johansen, loannes Rigas, Christian Gabriel, Andrea Aiello, Peter van
Loock, Ulrik L. Andersen, Christoph Marquardt and Gerd Leuchs
Cluster state generation with cylindrically polarized modes

P1-76 Banz Bessire, Christof Bernhard, André Stefanov and Thomas Feurer
Biphoton Interference and Phase Reconstruction of Time-Energy Entangled Pho-
tons through Spectral Amplitude and Phase Modulation

P1-77 Jonatan Bohr Brask and Rafael Chaves
Robust nonlocality tests with displacement-based measurements

P1-78 T. Kitagawa, M. A. Broome, A. Fedrizzi, M. S. Rudnerl, E. Berg, 1. Kassal, A.
Aspuru-Guzik, E. Demler and A. G. White
Observation of topologically protected bound states in photonic quantum walks

P1-79  Christopher Chudzicki, Isaac Chuang and Jeffrey H. Shapiro
Deterministic and Cascadable Conditional Phase Gate for Photonic Qubits

P1-80 Michele Dall’Arno, Alessandro Bisio and Giacomo Mauro D’Ariano
Ideal quantum reading of optical memories

P1-81 Patrick J. Clarke, Robert J. Collins, Vedran Dunjko, Erika Andersson, John Jeffers
and Gerald S. Buller
Ezxperimental Demonstration of Quantum Digital Signatures

P1-82 E. Megidish, A. Halevy, T. Shacham, T. Dvir, L. Dovrat and H. S. Eisenberg
Quantum tomography of inductively created multi-photon states

P1-83 Devon N. Biggerstaff, Thomas Meaney, Ivan Kassal, Alessandro Fedrizzi, Martin
Ams, Graham D. Marshall, Michael J.Withford and Andrew G. White
Ezperimental emulation of coherent quantum effects in biology

P1-84 Franck Ferreyrol, Nicolo Spagnolo, Rémi Blandino, Marco Barbieri, Rosa Tualle-
Brouri and Philippe Grangier
Heralded processes on continuous-variable spaces as quantum maps

P1-85 Jian Chen, Jonathan L. Habif, Zachary Dutton and Saikat Guha
Photon-detection-induced Kennedy receiver for binary-phase coded PPM

P1-86 Bharath Srivathsan, Gurpreet Kaur Gulati, Chng Mei Yuen Brenda, Gleb
Maslennikov, Dzmitry Matsukevich, Christian Kurtsiefer
Narrowband Source of Correlated Photon Pairs via Four-Wave Mixing in Atomic
Vapour
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Quantum Information and Communication Implementations
Hybrid quantum systems

P1-87 S. Filipp, T. Thiele, S. D. Hogan, J. A. Agner, F. Merkt and A. Wallraff
Interfacing Microwave Photons with Rydberg Atoms on a Superconducting Chip

P1-88 Katherine Louise Brown, Suvabrata De, Viv Kendon and Bill Munro
Qubus ancilla-driven quantum computation

P1-89 Hideo Kosaka, Takahiro Inagaki, Ryuta Hitomi, Fumishige Izawa, Yoshiaki Rikitake,
Hiroshi Imamura, Yasuyoshi Mitsumori and Keiichi Edamatsu
Time-bin photonic state transfer to electron spin state in solids

P1-90 Guillaume Lepert, Michael Trupke, Ed Hinds, Jaesuk Hwang, Michael Hartmann
and Martin Plenio
Atoms and molecules in arrays of coupled cavities

Quantum Information and Communication Implementations
Components: Detectors, Quantum memory etc...

P1-91 H. M. Chrzanowski, J. Bernu, B. Sparkes, B. Hage, A. Lund, T. C. Ralph, P. K.
Lam and T. Symul
Photon number discrimination using only Gaussian resources and measurements

P1-92 Eden Figueroa, Tobias Latka, Andreas Nezner, Christian Nolleke, Andreas Reiserer,
Stephan Ritter and Gerhard Rempe
Arbitrary shaping of light pulses at the single-photon level

P1-93 Michael Fortsch, Josef Fiirst, Christoffer Wittmann, Dmitry Strekalov, Andrea
Aiello, Maria V. Chekhova, Christine Silberhorn, Gerd Leuchs and Christoph Marquardt
A Versatile Single Photon Source for Quantum Information Processing

P1-94 Antia Lamas-Linares, Nathan Tomlin, Brice Calkins, Adriana E. Lita, Thomas
Gerrits, Joern Beyer, Richard Mirin and Sae Woo Nam
Transition edge sensors with low jitter and fast recovery times

P1-95 Lambert Giner, Lucile Veissier, Ben Sparkes, Alexandra Sheremet, Adrien Nicolas,
Oxana Mishina, Michael Scherman, Sidney Burks, Itay Shomroni, Ping Koy Lam,
Elisabeth Giacobino and Julien Laurat
Discerning FIT from ATS: an experiment with cold Cs atoms

P1-96 Ryan T. Glasser, Ulrich Vogl and Paul D. Lett
Fast light images and the arrival time of spatial information in optical pulses with
negative group velocity

P1-97 Ana Predojevié, Stephanie Grabher and Gregor Weihs
Phase property measurements with an ultrafast pulsed Sagnac source of polarization
-entangled photon pairs

P1-98  Christian Gabriel, Christoffer Wittmann, Bastian Hacker, Wolfgang Mauerer, Elanor
Huntington, Metin Sabuncu, Christoph Marquardt and Gerd Leuchs
A High-Speed Quantum Random Number Generator Based on the Vacuum State
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Poster session 2—Tuesday

Foundation of Quantum Physics

P2-0  Jiff Tomkoviv, Michael Schreiber, Joachim Welte, Martin Kiffner, Jérg Schmiedmayer
and Markus K. Oberthaler
Single spontaneous photon as a coherent beamsplitter for an atomic matter-wave

P2-1 Minsu Kang, M. S. Kim and Hyunseok Jeong
Generation of entanglement with highly-mixed systems

P2-2  Michael Keller, Max Ebner, Mateusz Kotyrba, Mandip Singh, Johannes Kofler
and Anton Zeilinger
Creating and Detecting Momentum Entangled States of Metastable Helium Atoms

P2-3 Johannes Kofler and Caslav Brukner
Violation of macroscopic realism without Leggett-Garg inequalities

P2-4 Radek Lapkiewicz, Peizhe Li, Christoph Schaeff, Nathan K. Langford, Sven
Ramelow, Marcin Wiesniak and Anton Zeilinger
Ezperimental non-classicality of an indivisible quantum system

P2-5 Fatima Masot-Conde,
Time reversibility in the quantum frame

P26 E. Megidish, A. Halevy, T. Shacham, T. Dvir, L. Dovrat and H. S. Eisenberg
Entanglement between photons that never co-existed

P2-7 S.M. Giampaolo, G. Gualdi, Alex Monras and F. [lluminati
Characterizing and Quantifying Frustration in Quantum Many-Body systems

P2-8 Yoshifumi Nakata, Peter S. Turner and Mio Murao
Entanglement of phase-random states

P2-9 T.G. Philbin
Quantum dynamics of damped oscillators

P2-10 L. I. Plimak and S.T. Stenholm
Quantum optics meets real-time quantum field theory: generalised Keldysh rotations,
propagation, response and tutti quanti

P2-11 Robert Prevedel, Deny R Hamel, Roger Colbeck, Kent Fisher and Kevin J Resch
Ezperimental investigation of the uncertainty principle in the presence of quantum
memory

P2-12 Pawel Kurzynski, Ravishankar Ramanathan, Akihito Soeda, Tan Kok Chuan,
Marcelo F. Santos, and Dagomir Kaszlikowski
Entanglement and Quality of Composite Bosons

Quantum measurements and metrology

P2-13 Rafal Demkowicz-Dobrzanski, Jan Kolodynski and Madalin Guta
The elusive Heisenberg limit in quantum enhanced metrology

P2-14 Awurélien G. Kuhn, Emmanuel Van Brackel, Leonhard Neuhaus, Jean Teissier,
Claude Chartier, Olivier Ducloux, Olivier Le Traon, Christophe Michel, Laurent
Pinard, Raffaele Flaminio, Samuel Deleglise, Tristan Briant, Pierre-Frangois Cohadon
and Antoine Heidmann
A micropillar for cavity optomechanics
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P2-15 Nathan K. Langford
Calculating errors in quantum tomography: diagnosing systematic vs statistical errors
P2-16  Vittorio Giovannetti, Seth Lloyd, Lorenzo Maccone,
Quantum measurement bounds beyond the uncertainty relations
P2-17  Alberto M. Marino, Neil Corzo, Kevin M. Jones, and Paul D. Lett
Noiseless Image Amplification
P2-18  Felippe A. S. Barbosa, Antonio S. Coelho, Alessandro Villar, Katiuscia N.Casemiro,
Paulo Nussenzveig, Claude Fabre and Marcelo Martinelli
A complete characterization of the OPO, leading to hexapartite entanglement
P2-19 O.V. Minaeva, A.M. Fraine, R. Egorov, D. S. Simon and and A. V. Sergienko
High Resolution Measurement of Polarization Mode Dispersion (PMD) in Telecom
Switch using Quantum Interferometry
P2-20 C. R. Miiller, M. A. Usuga, C.Wittmann, M. Takeoka, Ch. Marquardt, U. L.
Andersen and G. Leuchs
Four-State Discrimination via a Hybrid Receiver
P2-21 Ranjith Nair
Fundamental limits on the accuracy of optical phase estimation from rate-distortion
theory
P2-22  Kenji Nakahira and Tsuyoshi Sasaki Usuda
A generalized Dolinar receiver with inconclusive results
P2-23 Daniel K. L. Oi, Viaclav Potocek and John Jeffers
Measuring Nothing
P2-24  Jan Perina Jr., Ondiej Haderka, Vaclav Michédlek and Martin Hamar
Photon-numberstatisticsoftwinbeams: self-consistentmeasurement, reconstruction, and
properties
P2-25 Changliang Ren and Holger F. Hofmann
How to make optimal use of mazximal multipartite entanglement in clock
synchronization
P2-26 Dylan J. Saunders, Pete J. Shadbolt, Jeremy L. O’Brien and Geoff J. Pryde
Local non-realistic states observed via weak tomography - resolving the two-slit paradox
P2-27 Tarik Berrada, Sandrine van Frank, Robert Biicker, Thorsten Schumm, Jean-

Francois Schaff and Jorg Schmiedmayer
Matter wave Mach-Zehnder interferometry on an atom chip

Quantum control

P2-28

P2-29

P2-30

Alessandro Farace and Vittorio Giovannetti
Enhancing Quantum Effects via Periodic Modulations in Optomechanical Systems

Bin Hwang and Hsi-Sheng Goan
Optimal control of a qubit in a non-Markovian environment

Qudsia Quraishi, Vladimir Malinovsky and Patricia Lee
Modeling spin entanglement with an optical frequency comb of atoms confined on atom
-chip traps
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Quantum Communication and Cryptography

P2-31

P2-32

P2-33

P2-34

P2-35

P2-36

pP2-37

P2-38

P2-39

P2-40

P2-41

P2-42

Nitin Jain, Elena Anisimova, Christoffer Wittmann, ChristophMarquardt, Vadim
Makarov and Gerd Leuchs

Investigating the feasibility of a practical Trojan-horse attack on a commercial quantum
key distribution system

J. Janousek, S. Armstrong, B. Hage, J-F. Morizur, P. K. Lam and H-A. Bachor
Programmable Multi-mode Quantum Networks

Florian Kaiser, Lutfi Arif Ngah, Amandine Issautier, Olivier Alibart, Anthony
Martin and Sébastien Tanzilli

Ultra narrowband telecom polarisation entanglement source for future long distance
quantum networking

Imran Khan, Christoffer Wittmann, Nitin Jain, Nathan Killoran, Norbert Liitkenhaus,
Christoph Marquardt and Gerd Leuchs
Long distance continuous-variable quantum communication

Mario Krenn, Robert Fickler, William Plick, Radek Lapkiewicz, Sven Ramelow
and Anton Zeilinger
Entanglement of Ince-Gauss Modes of Photons

Mikolaj Lasota, Rafal Demkowicz-Dobrzanski and Konrad Banaszek
Security of practical quantum cryptography with heralded single photon sources

Peter Shadbolt, Taméas Vértesi, Yeong-Cherng Liang, Cyril Branciard, Nicolas
Brunner and Jeremy L. O’Brien

Guaranteed violation of a Bell inequality without aligned reference frames or calibrated
devices

Nicol6 Lo Piparo and Mohsen Razavi
Long-distance quantum key distribution with imperfect devices

Vladyslav C. Usenko, Lars S. Madsen, Mikael Lassen, Radim Filip and Ulrik L.
Andersen
Continuous variable quantum key distribution with optimally modulated entangled states

Oliver Maurhart, Christoph Pacher, Andreas Happe, Thomas Loriinser, Gottfried
Lechner, Cristina Tamas, Andreas Poppe and Momtchil Peev
Quantum Key Distribution Software maintained by AIT

Michal Miéuda, Ivo Straka, Martina Mikové, Miloslav Dusek, Nicolas J. Cerf,
Jaromir Fiurasek and Miroslav Jezek
Noiseless loss suppression in quantum optical communication

William Plick, Mario Krenn, Sven Ramelow, Robert Fickler, and Anton Zeilinger
Do the Ince-Gauss Modes of Light Give Keys New Places to Hide?

Quantum Information and Communication theory

P2-43

pP2-44

L. Gyongyosi and S. Imre
Polaractivation of Quantum Channels

L. Gyongyosi and S. Imre
Quasi-Superactivation of Zero-Capacity Quantum Channels
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P2-45 L. Gyongyosi and S. Imre
Quantum Polar Coding for Probabilistic Quantum Relay Channels
P2-46 Michal Hajdusek and Mio Murao
Direct evaluation of entanglement in graph states
P2-47  Wolfram Helwig, Wei Cui, José Ignacio Latorre, Arnau Riera and Hoi-Kwong Lo
Absolutely Mazimal Entanglement and Quantum Secret Sharing
P2-48 Mark Howard and Jiri Vala
Nonlocality as a Benchmark for Universal Quantum Computation in Ising Anyon
Topological Quantum Computers
P2-49 Kabgyun Jeong
Randomizing quantum states in Shatten p-norms
P2-50 Kentaro Kato
Minimax Discrimination of Quasi-Bell States
P2-51 Viv Kendon
Quantum walk computation
P2-52 Sergey Knysh and Vadim N. Smelyanskiy
Quantum Annealing in Hopfield Model
P2-53 Nadja K. Bernardes and Peter van Loock
Hybrid quantum repeater with encoding
P2-54 Thomas Lawson, Anna Pappa, Damian Markham, Iordanis Kerenidis and Eleni
Diamanti
Adversarial entanglement verification without shared reference frames
P2-55 A. P. Lund, T. C. Ralph and H. Jeong
Cat-state entanglement distribution with inefficient detectors
P2-56 Petr Marek and Radim Filip
Noiseless amplification of information
P2-57  Javier Rodriguez-Laguna, Piotr Migdal Miguel Ibanez Berganza, Maciej Lewenstein
and Germéan Sierra
Self-similar visualization and sequence analysis of many-body wavefunctions
P2-58 Piotr Migdat and Konrad Banaszek
Immunity of information encoded in singlet states against one particle loss
P2-59 Bastian Jungnitsch, Tobias Moroder, Yaakov S. Weinstein, Martin Hofmann, Marcel

Bergmann and Otfried Giihne
Taming multipartite entanglement
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Quantum Information and Communication Implementations
Atoms/Ions

P2-60

P2-61

P2-62

P2-63

P2-64

P2-65

Philipp Schindler, Julio T. Barreiro, Daniel Nigg, Matthias Brandl, Michael Chwalla,
Thomas Monz, Markus Hennrich and Rainer Blatt
Ezxperimental quantum measurement reversal using quantum error correction

I. Herrera, P. Lombardi, J. Petrovic, F. Schaefer and F. S. Cataliotti
Light pulse analysis with a multi-state atom interferometer

K. Inaba, Y. Tokunaga, K. Tamaki, K. Igeta and M. Yamashita
Control of Wannier orbitals for generating tunable Ising interactions of ultracold atoms
i an optical lattice

Syed Abdullah Aljunid, Dao Hoang Lan, Yimin Wang, Gleb Maslennikov, Valerio
Scarani and Christian Kurtsiefer
Ezcitation of a single atom with a temporally shaped light pulses

Nicolas C. Menicucci, S. Jay Olson and Gerard J. Milburn
Sitmulating quantum effects of cosmological expansion using a static ion trap

Sylvi Handel, Andreas Jechow, Benjamin G. Norton, Erik W. Streed and David
Kielpinski
Single atom lensing

Quantum Information and Communication Implementations
Solid State: Superconductors, Quantum Dots, Nano mechanics etc...

P2-66

P2-67

P2-68

P2-69

L.-H. Sun, G.-X. Li and Z. Ficek
Coherence and entanglement in a nano-mechanical cavity

Andrew L. C. Hayward, Andrew M. Martin and Andrew D. Greentree
Fractional Quantum Hall Physics in Jaynes-Cummings-Hubbard Lattices

Harishankar Jayakumar, Tobias Huber, Thomas Kauten, Ana Predojevé, Glenn
Solomon and Gregor Weihs

Effect of excitation jitter on the indistinguishability of photons emitted from an InAs
quantum dot

Harishankar Jayakumar, Ana Predojevié, Tobias Huber, Thomas Kauten, Glenn
S. Solomon and Gregor Weihs

Coherent creation of a single photon cascade in a quantum dot to gernerate time-bin
entangled photon pairs

Quantum Information and Communication Implementations
Defects and Ions in Crystals, Spins

P2-70

Daniel L. Creedon, Karim Benmessai, Warwick P. Bowen and Michael E. Tobar
Paramagnetic Kerr-type x(3) Nonlinearity in a Highly Pure Ultra-Low Loss Cryo-
genic Sapphire Microwave Whispering Gallery Mode Resonator
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Quantum Information and Communication Implementations
Photons and Linear Optics QIP

P2-71 L. K. Shalm, D. R. Hamel, Z. Yan, C. Simon, K. J. Resch and T. Jennewein
Showing the genuine tripartite energy-time entanglement of photon triplets produced
by cascaded down-conversion

P2-72  Seung-Woo Lee and Hyunseok Jeong
Deterministic linear-optics quantum computing based on a hybrid approach

P2-73  Fumihiro Kaneda, Ryosuke Shimizu, Satoshi Ishizaka, Yasuyoshi Mitsumori, Hideo
Kosaka and Keiichi Edamatsu
Activation of Bound Entanglement in a Four-Qubit Smolin State

P2-74  Sacha Kocsis, Guoyong Xiang, Tim C. Ralph and Geoff J. Pryde
Heralded noiseless amplification of a polarization-encoded qubit

P2-75 Monika Patel, Joseph B. Altepeter, Yu-Ping Huang, Neal N. Oza, and Prem Kumar
Quantum Interference of Independently Generated Telecom-band Single Photons

P2-76 Sang Min Lee, Sang-Kyung Choi and Hee Su Park
Direct fidelity estimation by post-selected C-SWAPs for three photons

P2-77  Enrique Martin-Lopez, Anthony Laing, Thomas Lawson, Roberto Alvarez, Xiao-
Qi Zhou and Jeremy O’Brien
Ezxperimental realisation of Shor’s quantum factoring algorithm using qubit recycling

P2-78 Genta Masada, Kazunori Miyata, Alberto Politi, Jeremy L. O’Brien and Akira Furusawa
Generation and characterization of EPR beams by using waveguide-interferometers
integrated in a chip

P2-79 Darran Milne, Natalia Korolkova and Peter van Loock
Quantum computation with non-Abelian continuous-variable anyons

P2-80 Olivier Morin, Claude Fabre and Julien Laurat
A source of high-purity heralded single-photons and a novel witness for single-photon
entanglement

P2-81 Jonas S. Neergaard-Nielsen, Yujiro Eto, Chang-Woo Lee, Hyunseok Jeong and
Masahide Sasaki
Quantum tele-amplification with a continuous variable superposition state

P2-82 Hee Su Park, Kevin T. McCusker and Paul G. Kwiat
A pseudo-deterministic single-photon source based on temporally multiplexed
spontaneous parametric down-conversion

P2-83 K. Poulios, D. Fry, J. D. A. Meinecke, M. Lobino, J. C. F. Matthews, A. Peruzzo,
X. Zhou, A. Politi, N. Matsuda, N. Ismail, K. Worhoff, R. Keil, A. Szameit, M. G.
Thompson and J. L. O’Brien
Multi-particle Quantum Walks on Integrated Wavegquide Arrays
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P2-84

P2-85

A. J. Bennet, D. A. Evans, D. J. Saunders, C. Branciard, E. G. Cavalcanti, H. M.
Wiseman and G. J. Pryde,
Loss-tolerant EPR-steering over 1 km of optical fibre

Sven Ramelow, Nathan K. Langford, Robert Prevedel, William J. Munro, Gerard

J. Milburn and Anton Zeilinger

Towards implementing coherent photon conversion (CPC) for scalable optical quantum
information processing

Quantum Information and Communication Implementations
Hybrid quantum systems

P2-86

P2-87

P2-88

S. Minniberger, F. R. Diorico, S. Schneider and J. Schmiedmayer
Towards a Hybrid Quantum System: Ultracolold atoms meet a superconducting surface

Rudolf Mitsch, Daniel Reitz, Philipp Schneeweiss and Arno Rauschenbeutel
State preparation of cold cesium atoms in a nanofiber-based two-color dipole trap

K. P. Nayak, Y. Kawai, Fam Le Kien, K. Nakajima, H. T. Miyazaki, Y. Sugimoto
and K. Hakuta
Nano-Structured Optical Nanofiber: A Novel Workbench For Cavity-QED

Quantum Information and Communication Implementations
Components: Detectors, Quantum memory etc...

P2-89

P2-90

P2-91

P2-92

P2-93

P2-94

Rikizo Ikuta, Hiroshi Kato, Yoshiaki Kusaka, Shigehito Miki, Taro Yamashita,
Hirotaka Terai, Mikio Fujiwara, Takashi Yamamoto, Masato Koashi, Masahide Sasaki,
Zhen Wang and Nobuyuki Imoto

High-fidelity frequency down-conversion of visible entangled photon pairs with
superconducting single-photon detectors

Mustafa Giindogan, Patrick M. Ledingham, Attaallah Almasi, Matteo Cristiani and
Hugues de Riedmatten
Quantum Storage of Polarization Qubits in a Doped Solid

Alberto M. Marino, Quentin Glorieux, Jeremy B. Clark and Paul D. Lett
Storage of Multiple Images using a Gradient Echo Memory in a Vapor Cell
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Scherman, Jose W.R. Tabosa, Elisabeth Giacobino and Julien Laurat

Quantum storage of orbital angular momentum at the single photon level in cold Cs
atoms
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New free-running, low noise 1550nm single photon detector for commercial applications

P2-97 F. Sciarrino, L. Sansoni, P. Mataloni, A. Crespi, R. Ramponi and R. Osellame
Integrated quantum photonics for polarization encoded qubits
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Foundation of Quantum Physics
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So-Young Baek, Fumihiro Kaneda, Masanao Ozawa and Keiichi Edamatsu
Ezperimental test of measurement-disturbance relations in generalized photon-
polarization measurements

Junghee Ryu, Changhyoup Lee and Jinhyoung Lee
Multi-settings Greenberger-Horne-Zeilinger nonlocality for N-partite quDits

Juha Salmilehto, Paolo Solinas, Mikko M&ttonen and Jukka P. Pekola
Conservation of operator current in open quantum systems and application to Cooper
pair pumping

Jukka Kiukas, Pekka Lahti, Jussi Schultz and Reinhard F. Werner

Informationally complete phase space observables

L. Krister Shalm, Sacha Kocsis, Boris Braverman, Sylvain Ravets, Martin J. Stevens,
Richard P. Mirin and Aephraim M. Steinberg
Observing the Average Trajectories of Single Photons in a Two-Slit Interferometer

S. Shelly Sharma and N.K. Sharma
Three qubit correlations in Four qubit States

Piotr Kolenderski, Urbasi Sinha, Li Youning, Tong Zhao, Matthew Volpini, Addn
Cabello, Raymond Laflamme and Thomas Jennewein
Implementing the Aharon-Vaidman quantum game with a Young type photonic qutrit

Christoph Spengler, Marcus Huber, Stephen Brierley, Theodor Adaktylos and
Beatrix C. Hiesmayr
Entanglement detection via mutually unbiased bases

S. Sponar, J. Klepp, R. Loidl, C. Schmitzer, H. Bartosik, K. Durstberger-Rennhofer,
H. Rauch and Y. Hasegawa
Tests of alternative Quantum Theories with Neutrons

Yutaro Suzuki, Masataka [inuma and Holger F. Hofmann
Experimental demonstration of Legett-Garg inequality violations by measurements with
high resolution and back-action

Eyuri Wakakuwa and Mio Murao
Chain Rule Implies Tsirelson’s Bound

Zizhu Wang and Damian Markham
Nonlocality of Symmetric States

Bernhard Wittmann, Sven Ramelow, Fabian Steinlechner, Nathan K. Langford,
Nicolas Brunner, Howard M. Wiseman, Rupert Ursin and Anton Zeilinger
Loophole-free Einstein-Podolsky-Rosen Experiment via quantum steering

Magdalena Zych, Fabio Costa, Igor Pikovski, and Caslav Brukner
Quantum interferometric visibility as a witness of general relativistic proper time



32

QCMCy:,

Vienna, Austria

Quantum measurements and metrology
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Caspar F. Ockeloen, Max F. Riedel, Roman Schmied and Philipp Treutlein
Quantum metrology with a scanning probe atom interferometer

Matthias Schreitl, Georg Winkler, Georgy Kazakov, Georg Steinhauser and Thorsten
Schumm
Towards a nuclear clock with Thorium-229

A. V. Sergienko, A.M. Fraine, O.V. Minaeva, R. Egorov and D. S. Simon
High-resolution Quantum Interferometry Meets Telecom Industry Needs

Yutaka Shikano
On Signal Amplification via Weak Measurement

Piotr Kolenderski, Artur Czerwinski, Carmelo Scarcella, Simone Bellisai, Alberto
Tosi and Thomas Jennewein
Reconstruction of single photon’s transverse spatial wave function

Nicolo Spagnolo Chiara Vitelli, Vittorio Giovannetti, Lorenzo Maccone and Fabio
Sciarrino
Phase estimation for noisy detectors via parametric amplification

Takanori Sugiyama, Peter S. Turner and Mio Murao

Understanding boundary effects in quantum state tomography-one qubit case
Dmitry A. Kalashnikov, Si-Hui Tan, Timur Sh. Iskhakov, Maria V. Chekhova and
Leonid A. Krivitsky

Measurement of two-mode squeezing with photon number resolving multi- pizel detectors

Douglas Vitoreti, Thiago Ferreira da Silva, Guilherme P. Temporao and Jean Pierre
von der Weid

Tailoring two-photon interference from independent sources

Maxim Goryachev, Daniel L. Creedon, Eugene N. Ivanov, Serge Galliou, Roger
Bourquin and Michael E. Tobar

Extremely high Q-factor mechanical modes in quartz Bulk Acoustic Wave Resonators
at millikelvin temperature

S. Oppel, Th. Biittner, P. Kok and J. von Zanthier
Beating the classical resolution limit via multi-photon interferences of independent
light sources

Maria Tengner, Sara L. Mouradian, Tian Zhong, P. Ben Dixon, Zheshen Zhang,
Franco N. C. Wong and Jeffrey H. Shapiro
Ezxperimental Implementations of Quantum Illumination

Ranjith Nair, Brent J. Yen, Saikat Guha, Jeffrey H. Shapiro and Stefano Pirandola
Quantum M-ary Phase Discrimination

Tian Zhong and Franco N. C. Wong
Franson interferometry with 99.6% visibility via fiberoptic dispersion engineering

Quantum control
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P3-29

Burkhard Scharfenberger, William J. Munro and Kae Nemoto
Coherent manipulation of an NV center and an carbon nuclear spin

Mankei Tsang and Carlton M. Caves
FEvading quantum mechanics
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P3-30

Thomas Vanderbruggen, Ralf Kohlhaas, Andrea Bertoldi, Simon Bernon, Alain
Aspect, Arnaud Landragin, and Philippe Bouyer
Quantum feedback control of atomic coherent states

Quantum Communication and Cryptography
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P3-32

P3-33

P3-34

P3-35

P3-36

P3-37

P3-38

P3-39

P3-40

P3-41

P3-42

Thomas Lortinser, Andreas Happe, Momtchil Peev, Florian Hipp, Damian Melniczuk,
Pattama Cummon, Pituk Panthong, Paramin Sangwongngam and Andreas Poppe
Timing synchronization with photon pairs for quantum communications

Xiongfeng Ma and Mohsen Razavi
Practical schemes for measurement-device-independent quantum key distribution

K. Shimizu, T. Honjo, M. Fujiwara, S. Miki, T. Yamashita, H. Terai, Z. Wang and
M. Sasaki

Middle-term operation performance of long-distance quantum key distribution over a
field-installed 90-km fiber-optic loop

Kaoru Shimizu, Kiyoshi Tamaki and Nobuyuki Imoto
Cheat-sensitive commitment of a classical bit coded in a block of man round-trip qubits

Devin H. Smith, Geoff Gillett, Cyril Branciard, Marcelo de Almeida, Alessandro
Fedrizzi, Brice Calkins, Thomas Gerrits, Adriana Lita, Antia Lamas-Linares, SaeWoo
Nam and Andrew G. White

Implmentation of Semi-device-independent Quantum Key Distribution

Masaki Sohma and Osamu Hirota
Coherent pulse position modulation quantum cipher

Alessio Avella, Giorgio Brida, Dino Carpentras, Andrea Cavanna, Ivo Pietro Degiovanni,
Marco Genovese, Marco Gramegna and Paolo Traina
Novel QKD experiments performed at INRIM

Ivan Capraro, Andrea Tomaello, Thomas Herbst, Rupert Ursin, Giuseppe Vallone
and Paolo Villoresi
Turbulent single-photon propagation in the Canary optical link

Nathan Walk, Thomas Symul, Ping Koy Lam and Timothy C. Ralph

Security of Continuous Variable Quantum Cryptography with Post-selection
Shuang Wang, Zhen-Qiang Yin, Wei Chen, Jun-Fu Guo, Hong-Wei Li, Guang-Can
Guo and Zheng-Fu Han

Gigahertz quantum key distribution over 260 km of standard telecom fiber

K. Yoshino, M. Fujiwara, A. Tanaka, S. Takahashi, Y. Nambu, A. Tomita, S. Miki, T.
Yamashita, Z. Wang, M. Sasaki and A. Tajima
WDM quantum key distribution system using dual-mode single photon detectors

Michael Zwerger, Wolfgang Diir and Hans J. Briegel
Measurement-based quantum repeaters

Quantum Information and Communication theory

P3-43

Akihito Soeda, Yoshiyuki Kinjo, Peter S. Turner and Mio Murao
Implementing controlled-unitary operations over the butterfly network
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P3-44 Shojun Nakayama, Akihito Soeda and Mio Murao
Universal construction of controlled-unitary gates using the dynamical decoupling and
the quantum Zeno effect
P3-45 Michele Dall’Arno, Rodrigo Gallego, Elsa Passaro and Antonio Acin
Robustness of Device Independent Dimension Witnesses
P3-46 Ilya Sinayskiy and Francesco Petruccione
Dissipative Quantum Computing with Open Quantum Walks
P3-47 Oleg Pilyavets, Evgueni Karpov and Joachim Schéfer
Superadditivity of classical capacity revisited
P3-48 Saleh Rahimi-Keshari, Thomas Kiesel and Werner Vogel
Moments of nonclassicality quasiprobabilities
P3-49 T. C. Ralph, A. P. Lund and N. Walk
Applications of Noiseless Linear Amplification
P3-50 Joachim Schéafer, Evgueni Karpov and Nicolas J. Cerf
Gaussian matriz-product states for coding in bosonic memory channels
P3-51 Seckin Sefi and Peter van Loock
Decomposing continuous-variable logic gates
P3-52  Assaf Shaham, Assaf Halevy, Liat Dovrat, Eli Megidish and Hagai S. Eisenberg
Entanglement dynamics in the presence of unital noisy channels
P3-53 Ilya Sinayskiy and Francesco Petruccione
Microscopic derivation of Open Quantum Walks
P3-54 Cornelia Spee, Julio de Vicente and Barbara Kraus
Remote resource preparation
P3-55 Robin Stevenson, Sarah Beavan, Morgan Hedges, Andre Carvalho, Matt Sellars and
Joseph Hope
Modeling single photon production in RASE
P3-56  Keisuke Fujii and Yuuki Tokunaga
Thresholds of surface codes on the general lattice structures suffering biased error and
loss
P3-57 Tsuyoshi Sasaki Usuda, Yoshihiro Ishikawa and Keisuke Shiromoto
A class of group covariant signal sets and its necessary and sufficient condition
P3-58 Maarten Van den Nest
A monomial matriz formalism to describe quantum many-body states
P3-59 Xiao-Qi Zhou, Pruet Kalasuwan, Timothy C. Ralph and Jeremy L. O’Brien

Calculating Unknown FEigenvalues with a Quantum Algorithm

Quantum Information and Communication Implementations
Atoms/Ions

P3-60

Wolfgang Rohringer, Dominik Fischer, Florian Steiner, Jorg Schmiedmayer and
Michael Trupke
Dynamics of 1d quasicondensates after quenching the external trapping potential
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P3-61 Philipp Schindler, Markus Miiller, Daniel Nigg, Julio Barreiro, Thomas Monz,
Michael Chwalla, Markus Hennrich, Sebastian Diehl, Peter Zoller and Rainer Blatt
Simulation of driven open quantum systems with trapped ions

P3-62 L. Slodicka, N. Rock, P. Schindler, M. Hennrich, G. Hétet, R. Blatt
Entanglement of two ions by single-photon detection

P3-63 Matthias Steiner, Hendrik-Marten Meyer and Michael Kohl
Towards an ion-cavity system with single Yb+ions

P3-64 Stuart Szigeti, Russell Anderson, Lincoln Turner and Joseph Hope
Precise manipulation of a Bose-Einstein condensate’s wavefunction

Quantum Information and Communication Implementations
Solid State: Superconductors, Quantum Dots, Nano mechanics etc...

P3-65 A. Jockel, M. T. Rakher, M. Korppi, S. Camerer, D. Hunger, M. Mader, and P.
Treutlein
Spectroscopy of mechanical dissipation in micro-mechanical membranes

P3-66 Thomas Kauten, Harishankar Jayakumar, Ana Predojevié and Gregor Weihs
Time-bin interferometry of short coherence down-conversion photon pairs

P3-67 Casey R. Myers, Thomas. M. Stace and Gerard J. Milburn
The Synchronisation of Nano-Mechanical Resonators Coupled via a Common Cavity
Field in the Presence of Quantum Noise

P3-68 Harishankar Jayakumar Ana Predojevié¢, Thomas Kauten, Tobias Huber, Glenn S.
Solomon and Gregor Weihs
All Optical Resonant Ezcitation and Coherent Manipulation of a Single InAs Quantum
Dot for Quantum Information Experiments

P3-69 Ramachandrarao Yalla, K. P. Nayak, and K. Hakuta
Fluorescence photon measurements from single quantum dots on an optical nanofiber

Quantum Information and Communication Implementations
Defects and Ions in Crystals, Spins

P3-70 Imam Usmani, Christoph Clausen, Félix Bussiéres, Nicolas Sangouard, Mikael
Afzelius and Nicolas Gisin
Heralded quantum entanglement between two crystals

Quantum Information and Communication Implementations
Photons and Linear Optics QIP

P3-71  Borivoje Dakic, Yannick Ole Lipp, Xiaosong Ma, Martin Ringbauer, Sebastian
Kropatschek, Stefanie Barz, Tomasz Paterek, Vlatko Vedral, Anton Zeilinger, Caslav
Brukner and Philip Walther
Quantum Discord as Resource for Remote State Preparation

P3-72 Christoph Schaeff, Robert Polster, Radek Lapkiewicz, Robert Fickler, Sven
Ramelow and Anton Zeilinger
Photonic platform for experiments in higher dimensional quantum systems

P3-73 A. Schreiber, A. Gabris, P. P. Rohde, K. Laiho, M. Stefandk, V. Potocek, C.
Hamilton, I. Jex and C. Silberhorn
A 2D Quantum Walk Simulation of Two-Particle Dynamics
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Christian Schwemmer, Géza Té6th, Alexander Niggebaum, Tobias Moroder, Philipp
Hyllus, Otfried Giihne and Harald Weinfurter
Permutationally invariant tomography of symmetric Dicke states

L. Sansoni, I. Bongioanni, F. Sciarrino, G. Vallone, P. Mataloni, A. Crespi, R.
Ramponi and R. Osellame
Integrated photonic quantum gates for polarization qubits

Damien Bonneau, Erman Engin, Josh Silverstone, Chandra M. Natarajan,

M. G. Tanner, R. H. Hadfield, Sanders N. Dorenbos, Val Zwiller, Kazuya Ohira,
Nobuo Suzuki, Haruhiko Yoshida, Norio lizuka, Mizunori Ezaki and Jeremy L.
O’Brien, Mark G. Thompson

Silicon Quantum Photonic Technology Platform: Sources and Circuits

Nicolo Spagnolo, Lorenzo Aparo, Chiara Vitelli, Andrea Crespi, Roberta Ramponi,
Roberto Osellame, Paolo Mataloni and Fabio Sciarrino Mataloni and Fabio Sciarrino
3D integrated photonic quantum interferometry

Jovica Stanojevic, Valentina Parigi, Erwan Bimbard, Alexei Ourjoumtsev, Pierre
Pillet and Philippe Grangier
Generating non-Gaussian states using collisions between Rydberg polaritons

André Stefanov, Christof Bernhard, Banz Bessire and Thomas Feurer
Qudits implementation with broadband entangled photons

Shuntaro Takeda, Takahiro Mizuta, Maria Fuwa, Jun-ichi Yoshikawa, Hidehiro
Yonezawa and Akira Furusawa
Generation of time-bin qubits for continuous-variable quantum information processing

T. Tashima, M. S. Tame, S. K. Ozdemir, M. Koashi and H.Weinfurter
Photonic multipartite entanglement conversion using nonlocal operations

Muthiah Annamalai, Nikolai Stelmakh, Michael Vasilyev and Prem Kumar
Spatial eigenmodes of traveling-wave phase-sensitive parametric amplifiers

Jian Yang and Paul Kwiat
Photon-Photon Interaction in Strong-Coupling Cavity-Quantum Dot System

Kevin Zielnicki and Paul Kwiat
Engineering a Factorable Photon Pair Source

Quantum Information and Communication Implementations
Hybrid quantum systems

P3-85

P3-86

P3-87

Andras Palyi, Philipp R. Struck, Mark Rudner, Karsten Flensberg and Guido
Burkard
Spin-orbit-induced strong coupling of a single spin to a nanomechanical resonator

S. Putz, R. Amsiiss, Ch. Koller, T. Nobauer, R. Voglauer, A. Maier, S. Rotter, K.
Sandner, S. Schneider, H. Ritsch, J. Schmiedmayer and J. Majer

Hybrid Quantum System: Coupling Atoms and Diamond Color Centers to
Superconducting Cavities

K. Stannigel, P. Komar, S. J. M. Habraken, S. D. Bennett, M. D. Lukin, P. Zoller
and P. Rabl
Optomechanical quantum information processing with photons and phonons
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C. I. Osorio, N. Bruno, N. Sangouard, A. Martin, H. Zbinden, N. Gisin and R. T.
Thew
Heralded photon amplification for quantum communication

Lorenzo Procopio, Max Tillmann and Philip Walther
Ultrafast superconducting nanowire single-photon detectors for femtosecondpulsed
multi-photon experiments

B. M. Sparkes, C. Cairns, M. Hosseini, D. Higginbottom, G. T. Campbell, P. K.
Lam and B. C. Buchler
Precision Spectral Manipulation Using a Coherent Optical Memory

Fabian Steinlechner, Pavel Trojek, Marc Jofre, Henning Weier, Josep Perdigues,
Eric Wille, Thomas Jennewein, Rupert Ursin, John Rarity and Morgan W. Mitchell,
Juan P. Torres, Harald Weinfurter and Valerio Pruneri

A high brightness source of polarization entangled photons for applications in space

Jiri Svozilik, Adam V. Mari, Michal Mi¢uda, Martin Hendrych and Juan P. Torres
Towards efficient photon pairs production in Bragg reflection wavequides

Daqing Wang, Thomas Herbst, Sebastian Kropatschek, Xiaosong Ma, Anton Zeilinger
and Rupert Ursin
Characterization of single-photon detectors for free-space quantum communica- tion

Christian Wuttke and Arno Rauschenbeutel
Nanofiber-Based Fabry-Pérot Microresonators: Characteristics and Applications

Lars S. Madsen, Adriano Berni, Mikael Lassen and Ulrik L. Andersen
Ezperimental Investigation of the Evolution of Gaussian Quantum Discord in an Open
System

R.J. Sewell, M. Koschorreck, M. Napolitano, B. Dubost, N. Behbood, G. Colangelo,
F. Martin and M.W. Mitchell
Spin squeezing via QND measurement in an Optical Magnetometer

A. Rubenok, J. A. Slater, P. Chan, I. Lucio-Martinez and W. Tittel
A quantum key distribution system immune to detector attacks
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Hybrid quantum systems.

G. J. Milburn !

*Centre for Engineered Quantum Systems, The University of Queensland, QLD 4072, Australia.

The last decade has seen a considerable increase in the va-
riety and size of physical systems which can be subjected
to coherent quantum control[1]. A feature of these systems
is that quantisation is carried out by identifying particular
macroscopic degrees of freedom that can be described quan-
tum mechanically. For example, in many optomechanical and
nanomechanical systems the vibrational modes of a bulk me-
chanical resonator are described as a quantised simple har-
monic oscillator. In the case of superconducting circuits one
moves to an effective LC circuit and quantisation is pre-
formed via the canonical variables of charge on an effective
capacitor and the flux through an equivalent inductor.

The key lesson is that, given sufficiently sophisticated fab-
rication, certain collective degrees of freedom can be engi-
neered so as to enable coherent quantum control. Of course
microscopic degrees of freedom remain as a source of dis-
sipation and noise. Indeed, the degree of engineering re-
quired is precisely directed at carefully controlling deco-
herence through coupling to residual microscopic degrees
of freedom or directly engineering new kids of dissipative
channels[2]. We are justified in referring to these new kinds
of collective quantum systems as engineered quantum sys-
tems and to distinguish their behaviour from that observed in
naturally occurring quantum systems found in atomic, molec-
ular and condensed matter physics.

One other important features of these systems is worth not-
ing: they are often anything but microscopic. LIGO, for ex-
ample, is a quantum machine covering many square kilome-
tres operating up against the Heisenberg uncertainty princi-
ple. The old equivalence of quantum/classical with micro-
scopic/macroscopic begins to look a little dated in the light of
recent advances in engineered quantum systems. Of course
the old puzzles of quantum theory remain just as evident as
ever, but are now in the context of a single rather large quan-
tum system that can exhibit both classical and quantum de-
grees of freedom in one and the same device.

Engineered quantum systems are now moving beyond sin-
gle technology platforms towards hybrid systems. Examples
include;

e combining optical and microwave control of electron
and nuclear spins in solids such as NV diamond[3]

e controlling semiconductor quantum dots with supercon-
ducting quantum circuits[4]

e combining superconducting electronic circuits with
trapped ions and molecules[5, 6]

e interfacing microwave and optical cavities via nanome-
chanical and micromechanical quantum resonators|7]

e interfacing cold atoms and micromechanics[8]

e quantum optoelectronics[9]

to name but a few of this rapidly growing list. Hybrid quan-
tum systems has become the leitmotif for a new generation of
quantum science research.

The continued development of this field will require a more
systems-level engineering perspective to address such issues
as noise and decoherence in complex, multi platform systems,
quantum and classical control of diverse physical components
with diverse timescales, in-line quantum information process-
ing and quantum memories, coexistence of discrete and con-
tinuous dynamics etc. In this talk I will give some examples
of how these issues arise in the context of particular hybrid
quantum systems and give some (admittedly speculative) ex-
amples of possible quantum enabled technologies based on
hybrid quantum systems.
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Quantum interface between an electrical circuit and a single atom
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LCentre for Quantum Dynamics, Griffith University, Nathan, QLD 4111, Australia

2 Joint Quantum Institute/NIST, College Park, MD, USA

3Centre for Engineered Quantum Systems, School of Mathematics and Physics, The University of Queensland, St Lucia,

Australia

Atomic systems are remarkably well suited to storage and
processing of quantum information. However, their prop-
erties are tightly constrained by nature, causing difficulties
in interfacing to other optical or electronic devices. On the
other hand, quantum electronic circuits, such as supercon-
ducting interference devices, may be easily engineered to the
designer’s specifications and are readily integrated with ex-
isting microelectronics. The naturally existing couplings be-
tween a single atom and a single microwave photon in a su-
perconducting circuit are too weak for practical coherent in-
terfaces [1].

We propose a method to couple single trapped ions with
microwave circuits, bridging the gap between the very dif-
ferent frequencies of ion motion and microwave photon by
parametric modulation of the microwave frequency [2]. The
resulting coupling strength of ~ 27 x 60 kHz is sufficient for
high-fidelity coherent operations and similar to the strength
of currently obtained ion-ion couplings. A simple model sys-
tem illustrating the key concepts is shown in Fig. 1(a). Mi-
crowave photons reside in a superconducting LC circuit with
natural frequency wic = 1/v/LC ~ 1 GHz. A single ion
is confined within the capacitor C and can oscillate at the
motional frequency w; ~ 10 MHz. The circuit voltage across
C generates an electric field that couples to the ion’s mo-
tional electric dipole. Modulating the circuit capacitance by
Cmoa at a frequency v causes the superconducting voltage
to acquire sidebands at frequencies wi,c = v. The coupling
between the superconducting circuit and the ion motion be-
comes resonant when w; ~ wr,c — v. The interaction Hamil-
tonian is then

Hine = hgab' + h.c. 1)

where a and b are the annihilation operators of the microwave
photon mode and the ion motional mode, respectively.

In the proposed device (Fig. 1(b)), ions are confined above
a set of island electrodes, which couple the electric dipole
arising from ion motion to a superconducting inductor and a
bulk-acoustic-wave capacitance modulator. The ion trap uses
a planar electrode structure of a type now widely used for mi-
crofabricated trap arrays (Fig. 1(c)). Applying appropriate
voltages to the electrodes generates RF electric fields, which
provide a ponderomotive confining potential transverse to the
trap axis, and DC fields that give rise to a harmonic potential
along the axis. To activate the ion-circuit coupling, one ex-
cites acoustic waves in the BAW at frequency vp ~ wr,c —w;
by voltage driving of metallic electrodes on the BAW surface
(Fig. 1(d)). The modulation of the BAW-substrate gap dis-
tance provides the desired capacitance modulation.

The coupling between the LC circuit and the ion motion
allows us to generalize all the well-known protocols operat-
ing on ion spin and motion to protocols operating on ion spin

QLD 4072,

Figure 1: a) Equivalent-circuit model of our scheme for ion-
circuit coupling. b) Top view of surface ion trap showing
RF and DC trapping electrodes. The “LC island” electrodes
couple the ion motion to the LC circuit excitation. c¢) Side
view of device, showing ion trap, superconducting inductor,
and BAW device. d) Exploded side view of BAW device.
Purple line: transverse displacement of BAW substrate due to
classical driving.

and LC state. Ion spin-motion protocols now allow for gen-
eration of nearly arbitrary spin/motion entangled states [3].
By this means, one can establish a quantum communications
channel between LC circuits in separate dewars, couple ion
spins through a common LC circuit for large-scale quantum
computing on a single chip, and perform Heisenberg-limited
voltage metrology in the microwave domain by generating
large Schrodinger cat states of the LC mode.
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Hybrid atom-membrane optomechanics
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Laser light can exert a force on dielectric objects through
radiation pressure and through the optical dipole force. In the
active field of optomechanics, such light forces are exploited
for cooling and control of the vibrations of mechanical oscil-
lators, with possible applications in precision force sensing
and studies of quantum physics at macroscopic scales. This
has many similarities with the field of ultracold atoms, where
radiation pressure forces are routinely used for laser cooling
and optical dipole forces are used for trapping and quantum
manipulation of atomic motion. It has been proposed that
light forces could also be used to couple the motion of atoms
in a trap to the vibrations of a single mode of a mechanical
oscillator (see [1] for a review). In the resulting hybrid op-
tomechanical system the atoms could be used to read out the
motion of the oscillator, to engineer its dissipation, and ulti-
mately to perform quantum information tasks such as coher-
ently exchanging the quantum state of the two systems. Here
we discuss the experimental realization of a hybrid optome-
chanical system in which an optical lattice mediates a long-
distance coupling between ultracold atoms and a microme-
chanical membrane [2].

The coupling scheme is illustrated in Fig. 1a. A laser beam
is partially reflected at a SiIN membrane and forms a 1D op-
tical lattice for an ultracold atomic ensemble. Motion of the
membrane displaces the lattice and thus couples to atomic
motion. Conversely, atomic motion is imprinted as a power
modulation onto the laser, thus modulating the radiation pres-
sure force on the membrane. In this way, the lattice laser light
mediates an optomechanical coupling between membrane vi-
brations and atomic center-of-mass motion [3]. If the trap
frequency wg,; of the atoms in the lattice is matched to the
eigenfrequency w,, of the membrane, the coupling leads to
resonant energy transfer between the two systems.

In our experiment, we observe for the first time the back-
action of the atomic motion onto the membrane vibrations,
which is required for cooling and manipulating the membrane
with the atoms. The backaction is observed in membrane
ringdown measurements, which directly probe the mechan-
ical decay rate. We choose the lattice laser power so that
Wqt = wy, and perform alternating experiments with and
without atoms in the lattice. Figure 1b shows the observed
change A~ in the membrane decay rate due to the presence
of the atoms as a function of the atom number N. We find a
linear dependence of A~y on N that quantitatively agrees with
the full quantum theory of our system described in [3]. This
mechanism can be used to sympathetically cool the mem-
brane vibrations with laser-cooled atoms.

The coupling strength can be enhanced by placing the
membrane and/or the atoms into an optical cavity. Theoreti-
cal investigations show that such a system gives access to the
strong coupling regime, where the atom-membrane coupling
is stronger than all dissipation rates of the system [4].
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Figure 1: Optomechanical coupling of atoms and membrane.
(a) Schematic of the experiment. Laser light mediates an
optomechanical coupling between the vibrations of a SiN
membrane oscillator at frequency w,,, and the center-of-mass-
motion of N ultracold atoms in an optical lattice with trap
frequency wg;. (b) Backaction of atoms onto membrane vi-
brations. The graph shows the measured change A~ in the
membrane dissipation rate due to the coupling to N laser-
cooled atoms.
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Hybrid quantum circuit with a superconducting qubit coupled to a spin ensemble
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Making a hybrid quantum machine that would store quan-
tum information in microscopic quantum objects with good
coherence properties and that would process this information
in a fast and efficient way with superconducting qubits is ap-
pealing. We report here an experiment along this idea, in
which a macroscopic number of electronic spins is used as a
single qubit memory, strongly coupled to a Josephson qubit
by a quantum bus. The spins are nitrogen-vacancy centers in
a diamond crystal, the qubit is a Cooper pair box of the Trans-
mon type, and the bus a superconducting resonator with tun-
able frequency. We demonstrate strong coupling between the
spins and the bus [1], vacuum Rabi oscillations between the
qubit and the bus, as well as storage of a single photon from
the qubit to the spins [2], and partial retrieval of it with fidelity
of about 10%. We also use this hybrid circuit to demonstrate
a new type of high-sensitivity electron spin resonance spec-
troscopy at the level of a few excitations in the spin ensemble

[3].
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Chip-Scale Optomechanics: towards quantum light and sound
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In the last several years, rapid advances have been made in the
field of cavity optomechanics, in which the usually feeble ra-
diation pressure force of light is used to manipulate, and pre-
cisely monitor, mechanical motion. Amongst the many new
geometries studied, coupled phononic and photonic crystal
structures (dubbed optomechanical crystals) provide a means
for creating integrated, chip-scale, optomechanical systems.
Applications of these new nano-opto-mechanical systems in-
clude all-optically tunable photonics, optically powered RF
and microwave oscillators, and precision force, acceleration
and mass sensing. Additionally there is the potential for these
systems to be used in hybrid quantum networks, enabling
storage or transfer of quantum information between disparate
quantum systems. A prerequisite for such quantum appli-
cations is the removal of thermal excitations from the low-
frequency mechanical oscillator. In this talk I will describe
our recent efforts to optically cool and measure the quan-
tum mechanical ground-state of a GHz mechanical resonator
formed in a quasi-1D nanobeam optomechanical crystal, and
the use of this structure to demonstrate efficient translation
between light and sound quanta.
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Coupling a superconducting flux qubit to an NV ensemble: A hybrid system’s
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Quantum information has reached a very interesting stage
in its development, where we have seen many fundamental
experiments laying the foundation for practical systems. One
particularly promising candidate are superconducting quan-
tum bits based on Josephson junctions. These systems have
demonstrated many of the fundamental operations needed for
quantum computation, however, the experimentally reported
coherence times are likely to be insufficient for future large-
scale distributed quantum computation. Additionally it s also
not clear how quantum information can be moved between
the distributed parts of the quantum computer. A potential
solution is to design and use a dedicated engineered quantum
memory based on atomic/molecular systems that also had an
optical transition. In this context a superconductor-spin en-
semble hybrid system has attracted increasing interest[1, 2].
Such schemes have the potential to couple superconducting
solid-state qubits to optical fields via atomic systems, thus al-
lowing quantum media conversion.

Nitrogen vacancy color centers in diamond have suitable
properties to act as such a memory and an interface between
the optical and microwave regimes. The ground state of a
NV- centre is a triplet (S=1) with the |m, = 0) state sep-
arated by 2.878GHz from the near-degenerate excited states
|ms = £1) (under zero magnetic field). This energy separa-
tion is ideal for a superconducting qubit to be brought into and
out of resonance with it (this is especially true for a gap tun-
able flux qubit[3]). Next the NV- centre possesses an 637nm
transition which allows the state of NV center (or centers) to
be transferred to an optical field. The first step in this process
is hence going to be coherently couple the superconducting
qubit to the NV- ensemble[4, 5].
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Figure 1: Energy spectrum of the flux qubit coupled to an NV
ensemble.

We have fabricated a gap tunable superconducting flux
qubit on a sapphire substrate and positioned a diamond chip
containing NV- centers (4.7 x 10'7 ¢cm™3). The qubit spec-

trum illustrated in Figure 1 shows an energy anti crossing at
2.878 GHz due to the NV- centers. The large splitting of 36
MHz means that the qubits is coupling to millions of NV-
centers collectively. This collective coupling can be used to
transfer a single microwave quantum of energy from the flux
qubit to the NV- ensemble (shown in Figure 2 as vacuum
Rabi oscillations). Furthermore we can show definite entan-
glement between this two systems as well as the ensemble
acting as a memory for the flux qubit.
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Figure 2: Vacuum Rabi oscillations of the flux qubit/NV- en-
semble resonantly coupled system of an initially excited flux
qubit. Inset, measurement sequence.

This is a significant step towards the realization of a long-
lived quantum memory for condensed-matter systems, with
an additional potential future application as an interface be-
tween the microwave and optical domains
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Quantum correlations with indefinite causal order
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In quantum physics it is standardly assumed that the back-
ground time or definite causal structure exists such that every
transformation is either in the future, in the past or space-like
separated from any other transformation. Consequently, the
correlations between transformations respect definite causal
order: they are either signalling correlations for the time-
like or no-signalling correlations for the space-like separated
transformations. We develop a framework that assumes only
that transformations in local laboratories are described by
quantum mechanics (i.e. are completely-positive maps), but
relax the assumption that they are causally connected. Re-
markably, we find situations where two transformations are
neither causally ordered nor in a probabilistic mixture of def-
inite causal orders, i.e. one cannot say that one transforma-
tion is before or after the other. The correlations between the
transformations are shown to enable performing a commu-
nication task that is impossible if the operations are ordered
according to a fixed background time.
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INTEGRATED, TIME MULTIPLEXED PHOTONIC NETWORKS
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The experimental realization of optical quantum networks
with a large number of modes poses stringent conditions
on the stability and synchronization of events, the control
of all system pa-rameters and the preparation pure photonic
quantum state. Based on pulsed light, integrated op-tics and
time-multiplexing geometries we explore the possibilities for
the implementation of large photonic quantum systems. We
present our progress in this field by presenting our results on
dif-ferent aspects of an overall system.

Most recently photonic quantum walks have attracted at-
tention, because they can be considered as a standard model
to describe the dynamics of quantum particles in a discretized
environment. They can serve as a test bed for the simulation
of various quantum systems. We employ time multiplexing
with pulsed light in specific fiber loop geometries to demon-
strate different types photonic quantum walks. By using the
polarisation as internal degree of freedom we can imple-ment
arbitrary coin states, while the realization of the step operator
in the temporal domain pro-vides superior coherence proper-
ties for the scalability of the walk [1]. We demonstrate a fully
coherent photonic quantum walk over 28 steps on a line, cor-
responding to a network of over four hundred beam splitters.
By introducing an optical modulator we can precisely con-
trol the dy-namics of the photonic walk. We have studied the
propagation of a quantum particle in the pres-ence of differ-
ent types of engineered noise resulting in a classical quantum
walk or Anderson localization [2]. We further extended our
1D quantum walk experiment to a 2D graph structure, and
show a fully coherent quantum walk on a lattice over 12 steps
and 196 position. The higher dimensional topological struc-
ture and the flexibility of our setup with dynamic control al-
lows us to simulate the creation of entanglement in bipartite
systems, non-linear interactions, and two-particle scattering
[3].

For the generation pulsed quantum states of light we use
parametric down conversion (PDC) waveguide sources in
combination with spectral source engineering. Thus we can
accomplish complete control over the spatio-spectral mode
properties enabling us to tune our state character-istics from
genuine single mode to multi-mode. The reduction of the
PDC to the low number of excited modes features exceptional
source brightness, and the definition of the spatial modes by
the guide provides a good compatibility with fiber networks

(4].
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Engineering photonic quantum emulators and simulators
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In principle, it is possible to model any physical system ex-
actly using quantum mechanics; in practice, it quickly be-
comes infeasible. Recognising this, Feynman suggested that
quantum systems be used to model quantum problems .

There are two approaches: simulation, where digital out-
comes yield the desired physical quanties—e.g. via a univer-
sal quantum computer—and emulation, where physical mea-
surements yield the physical quantities, e.g. spatial probabili-
ties of a quantum walk. In recent years both approaches have
been explored, for example the first quantum simulation was
of the smallest quantum chemistry problem: obtaining the en-
ergies of Hy, the hydrogen molecule, in a minimal basis?.

Here we report on our efforts using quantum emulation to
explore systems in condensed matter physics?, biology, and
complexity theory. Engineered photonic systems, with their
precise controllability, provide a versatile platform for creat-
ing and probing a wide variety of quantum phenomena.

One of the most striking features of quantum mechanics is
the appearance of phases of matter with topological origins.
First recognised in the integer and fractional quantum Hall ef-
fects in the 1980s, topological phases have been identified in
physical systems ranging from condensed-matter* and high-
energy physics® to quantum optics® and atomic physics’.
Topological phases are parametrised by integer topological
invariants: as integers cannot change continuously, a conse-
quence is exotic phenomena at the interface between systems
with different values of topological invariants. For example,
a topological insulator supports conducting states at the sur-
face, precisely because its bulk topology is different to that
of its surroundings*. Creating and studying new topological
phases remains a difficult task in a solid-state setting because
the properties of electronic systems are often hard to control.

We use photonic quantum walks to investigate topological
phenomena: the photon evolution simulates the dynamics
of topological phases which have been predicted to arise
in, for example, polyacetylene. We experimentally confirm
the long-standing prediction of topologically protected lo-
calised states associated with these phases by directly imag-
ing their wavefunctions. Moreover, we reveal an entirely
new topological phenomenon: the existence of a topologi-
cally protected pair of bound states which is unique to peri-
odically driven systems—demonstrating a powerful new ap-
proach for controlling topological properties of quantum sys-
tems through periodic driving?.

In light-harvesting molecules in photosynthesis the energy is
localised much faster than can be explained by a naive tun-
nelling model: it has instead been suggested that it is in fact
due to a partially-decohered quantum walk. Subsequently,
coherence in light-harvesting complexes has been measured
so many times®° that its existence is now unquestioned in the
field. The initial surprise that long-lived quantum coherences

occur in biology was in large part a consequence of using
old theoretical models from other fields outside of their range
of validity—with an appropriate treatment, long-lived coher-
ences are quite natural '°. But many questions remain open:
how robust is the coherence? Does it assist transport? Is it
optimised by natural selection? These are difficult to address
experimentally because it is very difficult to modify the struc-
ture of a biological complex. Here we report our efforts to
understand quantum transport by engineering a photonic em-
ulator for biological systems '!, with the goal of being able to
easily turn handles to vary the structure, the degree of coher-
ence, or even the environment.

A landmark recent paper shows that even simple quantum
computers—built entirely from linear photonic elements with
nonadaptive measurements—cannot be efficiently simulated
by classical computers '2. Such devices are able to solve sam-
pling problems and search problems that are classically in-
tractable under plausible assumptions; alternatively if such
devices can be efficiently simulated there are far-reaching
consequences for the field of complexity theory. Given recent
advances in photon sources '* and detectors 4, we discuss the
requirements for experimentally realising such devices.
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Emerging models of quantum computation driven by
multi-photon quantum interference, while not universal,
may offer an exponential advantage over classical com-
puters for certain problems. Implementing these circuits
via geometric phase gates could mitigate requirements for
error correction to achieve fault tolerance while retaining
their relative physical simplicity. We report an experi-
ment in which a geometric phase is embedded in an op-
tical network with no closed-loops, enabling quantum in-
terference between two photons as a function of the phase.

When a quantum mechanical system evolves under some
Hamiltonian, the probability amplitudes associated with in-
distinguishable events can accumulate dynamical and geo-
metric phases [1] and interfere constructively or destructively.
In Hong Ou Mandel (HOM) interference [2], when two pho-
tons meet at the input ports of a beamsplitter, the event that
both photons are transmitted is indistinguishable from the
event that both photons are reflected, but the associated prob-
ability amplitudes have opposite phases so interfere destruc-
tively: the probability to detect one photon at each output port
is zero. This quintessentially quantum photonic interference
generates the non-classical correlations in multi-photon quan-
tum walks [3] and the computational complexity of many-
photon interference in large optical networks [4, 5, 6]. These
emerging models of quantum computation are unlikely to be
universal, but may be exponentially more powerful than clas-
sical computers for certain problems. Crucially, since the ba-
sic models do not require initial entanglement, conditional
gates, or feed-forward operations, large scale examples will
be substantially less challenging to physically construct than
a universal quantum computer. Achieving fault tolerance in
these schemes without sacrificing their relative physical sim-
plicity to unwieldy error correction is a key goal.

Geometric phases and, more generally, non abelian
holonomies have been proposed as a method to imple-
ment fault-tolerant gates for universal quantum computation
[7, 8, 9, 10], since they are robust against perturbations to
which the important global geometric properties are invariant
[11,12,13, 14,15, 16]. In light of the quantum computational
attributes of interference between photons and the desire to
achieve fault tolerance in physically feasible computational
models driven by this effect, demonstrating exquisite control
over photonic quantum interference via an intrinsically robust
geometric phase gate is a key step. Furthermore, to directly
observe the influence of the geometric phase on interference
between photons, any measurement statistics should not be
obfuscated by other phase dependent phenomena. In particu-
lar, single-photon interference, which has been demonstrated
to be predictably receptive to the geometric phase, should ide-
ally be independent from the geometric phase.

We establish an experimental functional relationship con-

necting a variable geometric phase (vGP) to sinusoidal quan-
tum interference between individual photons of a pair. The
vGP is imparted inside a four mode optical network that con-
tains no closed loops, such that no single-photon interference
can take place. Applied to only one photon of the pair in
one of the modes, the vGP arises through a traversal of the
polarisation-sphere comprising a closed cycle and an open
path. The other three modes traverse lengths on polarisation-
sphere equal to that of the vGP mode, but these include a path
retracing such that no GP is finally imparted. We observe high
visibility quantum interference fringes, and find an approxi-
mate flat line response for one-photon inputs, confirming the
absence of single-photon interference.
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Quantum jumps—the discontinuous change in the state of a
microscopic system (such as an atom) at random times—were
the first form of quantum dynamics to be introduced [1]. This
was in the 1910s, long before the notion of entanglement, and
its puzzles such as the Einstein-Podolsky-Rosen (EPR) para-
dox [2].Thus they were conceived of as objective dynamical
events, linked to objective photon emission events.

The modern concept of quantum jumps in atomic systems
is based on “quantum trajectory” theory [3], introduced in-
dependently in Refs. [4]. This theory comprises stochastic
evolution equations for the microscopic system state condi-
tioned on the results of monitoring the bath to which it is
weakly coupled. These are also known as “unravellings” [3]
of the system’s master equation, as the ensemble average of
the quantum trajectories of the (ideally pure) state of an indi-
vidual system replicates the mixture-inducing evolution of the
master equation. In the atomic case, a photodetection event
causes the state of the distant atom to jump because of entan-
glement between the bath (the electromagnetic field) and the
atom. That is, the quantum jumps are detector-dependent; in
the absence of a measurement there would be no jumps.

One could well be tempted to ask what difference does it
make if we say a jump is caused by the emission of a photon
rather than saying it is caused by the detection of a photon?
If photon detection were the only way to measure the emit-
ted quantum field then the answer would indeed be: no real
difference at all. But there are many (in fact infinitely many)
other ways to measure the emitted field. For instance one can
interfere it with a local oscillator (LO)—that is, another op-
tical field in a coherent state—prior to detection [3, 5]. In
quantum optical detection theory radically different stochas-
tic dynamics for the atomic state occur depending on the de-
tection scheme used by a distant observer [3, 5]. This is why
neither quantum jumps, nor quantum diffusion [6] can be re-
garded as objective (detector independent).

In Ref. [7] we drop the assumption that quantum optical
measurement theory is correct in order to ask whether, and
how, one could perform experiments to try to rule out all ob-
jective pure-state dynamic models. We propose experimen-
tal tests on a strongly driven two-level atom that do not re-
quire perfect efficiency, nor any special preparation of the
atom or field. The key to these tests is the ability to imple-
ment two different ways of monitoring the radiated field, giv-
ing rise to two different sorts of stochastic evolution. This
is an instance of the EPR phenomenon, called “steering” by
Schrodinger [2], when understood sufficiently generally [8].
Specifically, under the assumption that an objective pure state
exists (obeying some dynamical model), we derive an EPR-
steering inequality [9]. We consider two particular unravel-
lings: an adaptive spectrally resolved jump unravelling ‘S’,
and a Y-homodyne unravelling. We then show that an EPR-

steering inequality suitable for these continuous-in-time mea-
surements can be violated for an efficiency n > 0.58. We
also consider the option of using two different homodyne
schemes (X and Y). Although the minimum sufficient effi-
ciency is somewhat higher in this case (n > 0.73), this test
would probably be more practical. Finally we derive a neces-
sary efficiency condition > 1/2 which pertains even if one
could implement the whole class of diffusive unravellings.
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Figure 1: As a function of efficiency 7, we plot: (red dashed)
E[((6,)%)?] for the ‘S’ unravelling; (solid blue) E[((6,)7)%+
((6.)¥)?2] for the Y-homodyne unravelling. b) The region
(blue) when the experiment is predicted to rule out all the-
ories of objective pure-state dynamical models.
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We describe experiments to enhance the sensitivity of mag-
netic field measurements using optically-detected atomic spin
precession (optical magnetometry). This technique is of prac-
tical interest because it offers the highest reported sensi-
tivities for measurements of low-frequency fields, and also
low-power, small footprint operation with chip-scale devices.
State-of-the-art magnetometers are approaching their quan-
tum noise limits, suggesting an important role for quantum
enhancement in the near future. The quantum physics of op-
tical magnetometers offers several new features relative to op-
tical interferometers: a hybrid atom-photon system, spin (not
canonical) variables, and a significant role for atom-atom or
photon-photon interactions during measurement [1].

Squeezed-light magnetometry. We recently demon-
strated the first use of photonic entanglement in magnetome-
try, by using polarization-squeezed light to probe a rubidium
vapor cell optical magnetometer [2]. This first demonstration
achieved 3.2 dB of sensitivity enhancement in a measurement
based on alignment-to-orientation conversion.

Squeezed-atom magnetometry. Squeezing by quan-
tum non-demolition (QND) measurement, a proven tech-
nique for “clock” transitions, has not been successful with
magnetically-sensitive ensembles due to the more complex
spin structure, which couples spin alignment degrees of free-
dom to the spin orientation. We overcome this limitation in
a cold, optically-trapped 37Rb atomic ensemble [3], probed
with a projection-noise-limited Faraday rotation measure-
ment [4]. A two-pulse probing method allows us to dynam-
ically decouple the spin orientation from the alignment de-
grees of freedom [5], finally allowing spin squeezing by quan-
tum non-demolition measurement [6]. As shown in Fig. 1,
this succeeds in generating spin squeezing in the ensemble.
Also shown, we have recently demonstrated magnetic field
measurement beyond the standard quantum limit using these
spin-squeezed states.

Exotic entangled states for magnetometry. We are study-
ing macroscopic singlet states, collective spin states with zero
net spin, as detectors of inhomogeneity, e.g. in gradient mag-
netometry. These exotic states can be produced by quantum
feedback control [7], and in principle achieve the Heisen-
berg limit of sensitivity while operating in a decoherence-free
subspace intrinsically immune to uniform background fields
[8]. We have also shown quantum-enhanced magnetometry
with “NooN” states prepared by ultra-bright cavity-enhanced
down-conversion [9] and atom-based filtering [10, 11, 12].
This demonstrates quantum enhancement in an interferome-
ter subject to a variety of real-world imperfections, including
state-dependent and parameter-dependent losses.
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Figure 1: Spin squeezing and quantum-enhanced magnetom-
etry by alignment-to-orientation conversion (AOC). (a) ex-
perimental geometry (b) experimental sequence (c) Align-
ment (1’;,T,) and orientation (F,) phase-space picture. (i)
measurement-induced squeezing (ii) magnetic precession (iii)
AOC readout. (d) spin squeezing results quantified by condi-
tional variance (left) and Zeeman shift measurement (right),
showing noise (orange|red) reduced below the standard quan-
tum limit (blue, black). Curves show theoretical predictions.
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Slow photons interacting strongly via Rydberg atoms
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The realization of strong nonlinear interactions between indi-
vidual light quanta (photons) is a long-standing goal in opti-
cal science and engineering. In conventional optical materi-
als, the nonlinearity at light powers corresponding to single
photons is negligibly weak. Here we report a medium that is
nonlinear at the level of individual quanta, exhibiting strong
absorption of photon pairs while remaining transparent to sin-
gle photons. The quantum nonlinearity is obtained by coher-
ently coupling slowly propagating photons [1] to strongly in-
teracting atomic Rydberg states [2, 3, 4, 5, 6, 7, 8] in a cold,
dense atomic gas, as pioneered by Pritchard et al. [9]. Our
approach opens the door for quantum-by-quantum control of
light fields, including single-photon switching [8], and the
realization of strongly correlated many-body states of light
[10].

The quantum nonlinearity can be viewed as a photon-
photon blockade mechanism that prevents the transmission of
any state with a photon number larger than one. The nonlin-
earity arises from the Rydberg excitation blockade [11] which
precludes the simultaneous excitation of two Rydberg atoms
that are separated by less than a blockade radius. During
the optical excitation under EIT conditions, an incident sin-
gle photon is converted into a Rydberg polariton inside the
medium. However, due to the Rydberg blockade, a second
polariton cannot travel within a blockade radius from the first
one, and EIT is destroyed. Accordingly, if the second photon
approaches the single Rydberg polariton, it will be signifi-
cantly attenuated, provided that the Rydberg-Rydberg inter-
action is sufficiently strong on the length scale set by the res-
onant attenuation length in the medium [8]. Using Rydberg
states with principal quantum numbers 46 < n < 100, we
can realize blockade radii between 3 ym and 13 pm, while
for our highest atomic densities, the attenuation length is be-
low 2pm. The optical medium then acts as a quantum non-
linear absorption filter, converting incident laser light into a
non-classical train of single-photon pulses.
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We present a realization of a cold-atom Raman laser operat-
ing deep in the bad-cavity, or superradiant regime, where the
effective excited state decay linewidth is much narrower than
the cavity linewidth [1]. Lasers in the optical regime typically
operate in the good-cavity limit, storing coherence mainly in
the light field (Fig 1a). In contrast, a superradiant laser stores
its coherence primarily in the collective atomic dipole while
the photon field provides a means to couple useful phase in-
formation out of the system (Fig. 1b).
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Figure 1: a: A good-cavity laser operating far above thresh-
old. Many photons (yellow) circulate inside the cavity,
extracting energy from the largely incoherent atomic gain
medium (blue). Thermal vibrations of the cavity mirrors
modulate the cavity resonance frequency, limiting the sta-
bility of the laser. b: In a superradiant laser, the collective
atomic dipole stores the coherence, and continuous stimu-
lated emission can be achieved even with less than one photon
in the cavity. The stimulation enables phase information to be
extracted at a useful rate, while the small intracavity photon
number leads to only weak cavity-induced backaction on the
collective atomic dipole.

We demonstrate quasi-steady state lasing sustained with
as low as 0.2 intracavity photons on average. Operating at
low intracavity photon number isolates the collective atomic
dipole from the environment, resulting in a measured sup-
pression of cavity-pulling by > 10*. Such a high degree of
isolation may help overcome thermal fluctuations of the cav-
ity mirrors that currently limit the stability of state-of-the-art
lasers. The emitted light has a measured linewidth relative to
the Raman dressing laser > 10* below the Schawlow-Townes
linewidth usually applied to good-cavity lasers. The mea-
sured linewidth is also below single particle linewidths asso-
ciated with the decay of the excited state, repumping induced
broadening of the ground state, and dephasing between the
excited and ground states. Our system confirms key predic-

tions [2] that may enable the creation of superradiant lasers
operating on highly forbidden atomic transitions that would
have coherence lengths on the order of the earth-sun distance.
Such a highly phase coherent light source might improve op-
tical atomic clocks by orders of magnitudes, and would en-
able more stringent tests of fundamental physics.
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Whispering-gallery-mode (WGM) microresonators pro-
vide a powerful system for the investigation of cavity quan-
tum electrodynamics and future quantum information and
communication applications [1]. They allow one to combine
strong coupling between atoms and the resonator field as well
as low optical losses in the same system.

We describe our recent results demonstrating strong cou-
pling between single rubidium atoms and a novel high-Q
WGM resonator [2] — a so-called bottle microresonator (Q =
50 million). Light is coupled evanescently into the resonator
using two tapered optical fibers with an actively stabilized
fiber-resonator gap [3]. Cold rubidium atoms with an average
temperature of 5 ©K are delivered to the resonator by means
of an atomic fountain [4]. We observe clear signals of indi-
vidual atoms passing through the resonator mode with inter-
action times on the order of several microseconds. Given this
brief interaction time, we have implemented a real-time atom
detection/probing scheme based on fast digital FPGA logic.
This allows us to react to the arrival of atoms with a response
time of less than 150 ns.

With this setup, we investigate the light transmission and
reflection characteristics of the coupled atom-resonator sys-
tem. Our experimental results show a strong interaction be-
tween the atom and the resonator mode, which is observed by
the large change in light transmission through the coupling
fibers.

In addition, the resonator can be operated in a four-port
configuration with two coupling fibers, where the atom — de-
pending on its internal state — routes the incoming light be-
tween different output ports of the two ultra-thin coupling
fibers. We experimentally characterize the routing properties
of our system. In a first experiment, we observe classical
switching of the light between the two coupling fibers and we
investigate the possible pathways towards the realization of
an efficient quantum mechanical switch — a four-port device
capable of coherently routing photons between two optical
nanofibers.

We gratefully acknowledge financial support by the DFG,
the Volkswagen Foundation, and the ESF.
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Figure 1: a) Schematic of a bottle microresonator operated
in the so-called add-drop configuration. The resonator light
field can be efficiently accessed with two tapered coupling
fibers. Depending on the atomic state, light propagating on
the bus fiber either continues to propagate along the bus fiber
or is coupled into the resonator mode and exits the resonator
through a second ultrathin fiber, referred to as the drop fiber.
b) Experimental micrograph of a bottle mode, visualized via
the upconverted green fluorescence of dopant erbium ions in
a 36-m diameter bottle microresonator.
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Schrdinger’s Steering, Mutually Unbiased Bases, and Applications in Photonic

Quantum Quantum Information
Anton Zeilinger
University of Vienna and Austrian Academy of Sciences

At least as early as 1931, it was realized by Erwin Schrdinger
that entanglement permits nonlocal influences, which he later
called “steering”. Steering is also central to the Einstein-
Podolsky-Rosen Paradox and we suggest that it is at least as
fundamental as Bell’s Inequalities. It will be argued that for
most practical purposes, loophole-free steering, as demon-
strated in a recent experiment, is sufficient. The essential
point is that steering is a phenomenon within quantum me-
chanics that, while a local realistic interpretation as required
for the Bell argument, would be outside quantum mechanics
- a rather unlikely position. The reasoning of steering is also
relevant for the question of the number of mutually unbiased
bases in a Hilbert space of dimension d where entanglement
comes in in a way which increases with dimension such that
entanglement becomes the rule rather than exception for high
dimension. Other applications include quantum teleportation,
entanglement witnesses and a nonlocal quantum eraser exper-
iment. Finally I will comment on blind quantum computation
as realized with measurement-based linear optics.
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Spontaneous parametric downconversion (SPDC) is readily
used as a source of heralded single photons, and many appli-
cations of such a source rely on high heralding efficiency. We
report on our progress towards a loophole-free test of nonlo-
cality using efficiently heralded SPDC, and an application of
a single-photon source to determine the lower limit of human
vision.

SPDC can be used to generate pairs of photons entangled
in polarization, suitable for Bell-type tests of nonlocality. All
tests of nonlocality to date, including those based on SPDC,
have been subject to the timing and/or detection loopholes.
While the timing loophole can easily be closed in such a sys-
tem by moving the detectors sufficiently far apart, closing the
detection loophole is more difficult. In the standard experi-
ment using maximally entangled states with the maximal vi-
olation of the CHSH inequality [1], an overall efficiency of
83% is required. This limit can be lowered to 67% by using
non-maximally entangled states (although sensitivity to noise
is greatly increased) [2].

We are engineering our source to achieve maximal herald-
ing efficiency, by carefully optimizing the spatial and spectral
filtering. The spatial filtering is done by imaging a portion of
the pumped crystal onto single-mode fibers, and the spectral
filtering is done by combining multiple tunable interference
filters to create a custom, high-efficiency spectral filter. Po-
larization cross-talk is limited by using high-extinction-ratio
polarizing beamsplitters. When these methods are combined
with high-efficiency transition-edge sensors [3], closure of
the detection loophole is within reach.

We are also developing a single-photon source with high
heralding efficiency to investigate the possibility of single-
photon vision in humans. Rod cells in the human retina are
known to respond to single photons [7, 8], but the minimum
number of photons necessary to trigger the entire visual path-
way is not known. Previous studies have used attenuated
lights, and have estimated the detection threshold to be 1-7
photons with model-fitting methods [9, 10]. Using an effi-
ciently heralded source of single photons (see Figure 1), we
can directly determine the threshold for vision.

In our experiment, a human observer seated in a dark room
will be presented with one (or N) photons on either the left
or right side of his or her retina. For each trial, the observer
will make a forced-choice response indicating where he or
she thinks the stimulus appeared. We estimate that 6,000 tri-
als presented to about 20 observers will be sufficient to dis-
tinguish between single-photon vision and random guessing.
Demonstrating single-photon vision would make it possible
to test the predictions of quantum mechanics applied to hu-
man perception. Eventually we hope to demonstrate quan-
tum nonlocality directly through the visual system by replac-
ing one detector with a human observer in a test of Bell’s
inequality.
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Figure 1: Schematic of a single-photon source for human
vision research. Ultraviolet laser photons enter a nonlinear
(BBO) crystal, where some split into pairs of lower-energy
daughter photons. Detecting one daughter photon heralds the
presence of its partner [4, 5, 6]. The trigger detector acti-
vates a Pockels cell (PC), allowing N signal photons to pass
through. A liquid crystal (LC) sends photons to the left or
right side of an observer’s retina via single-mode fibers.
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Entanglement of Very High Orbital Angular Momentum of Photons
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Orbital angular momentum (OAM) of single photons repre-
sents a relatively novel optical degree of freedom for the en-
tanglement of photons [1],[2]. A physical realization of OAM
carrying light beams are the so called Laguerre-Gaussian
modes which have the required helical phase structure. One
big advantage over the well known polarization degree of
freedom is the possibility of realizing entanglement between
two photons with very high quantum numbers and momenta
respectively. However, the creation of photonic OAM entan-
glement by the widely used spontaneous parametric down
conversion (SPDC) process is limited by the strongly re-
duced efficiency for higher momenta [3]. We have realized
anovel, very flexible method to create entanglement between
two photons which is not constrained by the SPDC efficiency
nor the conservation law for the OAM degree of freedom. By
transferring the polarization entanglement to the orbital an-
gular momentum degree of freedom within an interferometric
scheme (Fig. 1), we created and measured the entanglement
of asymmetric states where one photon carries =10/ and the
other £100A7 of OAM. Furthermore, we realized entangle-
ment of two photons with up to 6007% difference in their an-
gular momentum (see Fig. 2), which is, to our knowledge, the
highest entangled quantum number that has been measured so
far. Additionally, we used hybrid entangled biphoton states
between polarization and OAM to show the angular resolu-
tion enhancement in possible remote sensing applications.

Supported by ERC (Advanced Grant QIT4QAD) and the
Austrian Science Fund (grant F4007).
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Figure 1: Schematic sketch of the setup to transfer polar-
ization entanglement to orbital angular momentum entangle-
ment. The polarization entanglement is created in a paramet-
ric downconversion process (box in the center). Afterwards
the two photons are sent to two transfer setups where they are
split and transferred by an liquid crystal Spatial Light Mod-
ulator (SLM) to higher order Laguerre-Gaussian modes de-
pending on their polarization. After recombining the paths, a
polarizer at 45° projects the photon to diagonal polarization
and therefore completes the transfer.
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Towards scalable quantum information processing with trapped ions

Dietrich Leibfried’
"National Institute of Standards and Technology, Boulder, CO, USA

We discuss experiments towards scalable quantum informa-
tion processing in the Ion Storage Group at NIST Boulder.
Our architecture is based on quantum information stored in
internal (hyperfine) states of the ions. We investigate the
use of laser beams and microwave fields to induce both
single-qubit rotations and multi-qubit gates mediated by the
Coulomb interaction between ions. Moving ions through a
multi-zone trap architecture allows for keeping the number of
ions per zone small, while sympathetic cooling with a second
ion species can remove energy and entropy from the system.
We will provide an update on experiments towards bench-
marking operation fidelities and improved ion transport.

Work is under way to leverage miniaturized surface-
electrode trap arrays towards a higher level of integration. We
have implemented a universal gate set based on microwave
near-field control directly integrated on the trap chip on a
magnetic field insensitive qubit [1] and are working on im-
proving the operation fidelities in this approach. The close
proximity of the ions to the trap electrodes also warrants
a better understanding of “anomalous” heating observed by
many groups. Some evidence ties this heating to surface ef-
fects, so besides cooling the trap to cryogenic temperatures,
cleaning of the electrode surfaces might be beneficial. We
will report on the status of our efforts towards better under-
standing of anomalous heating.

References
[1] C. Ospelkaus, U.Warring, Y. Colombe, K. R. Brown,
J. M. Amini, D. Leibfried, and D. J.Wineland, "Mi-
crowave quantum logic gates for trapped ions”, Nature
476, 181 (2011).

TUE-4



QCMCy:,

Vienna, Austria

Schrodinger cat state spectroscopy with trapped ions
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Trapped and laser-cooled ions have excellent properties for
high-precision spectroscopy. By quantum logic spectroscopy,
ions whose internal state cannot be detected easily can be read
out via a second ion species trapped together with the spec-
troscopy ion. In my talk, I will discuss the use of geometric
phases for a particular type of quantum logic spectroscopy
that can be used to detect the absorption or emission of sin-
gle photons with high detection efficiency. By preparing a
Schrodinger cat state of a two-ion crystal where the ions’s
motion is entangled with the internal states of the logic ion, a
photon scattered by the spectroscopy ion manifests itself by
a geometric phase that can be subsequently read out via the
logic ion. This measurement scheme is applied to a mixed
ion crystal of two calcium isotopes.
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Heralded entanglement between widely separated atoms
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Entanglement between remote atomic quantum memories
will be a key resource for future applications in quantum
communication. However, generation of entanglement over
large distances is an experimentally challenging task. One
approach is based on entanglement swapping. It starts by en-
tangling each quantum memory with a photon, which can be
conveniently transported via optical fibers. A Bell-state mea-
surement on the photons then projects the atomic system onto
an entangled state.

excitation

single-mode
fiber

trap 1

trap 2

20m

Figure 1: Experimental setting: two single atom traps (dis-
tance: 20 meters) are connected via optical fibers. Single
photons, which are entangled with an atom on each side inter-
fere on a 50-50 beamsplitter and are detected by single pho-
ton counting avalanche photodetectors (APDs). Coincident
detection of the two photons heralds entanglement between
the atoms. The inset shows the scheme for generation of sin-
gle photons whose polarization is entangled with the atomic
spin.

Here we show entanglement between two single Rb-87
atoms separated by a distance of 20 meters. In our experi-
ment two independently operating atomic traps are situated
in neighboring laboratories. On each side we capture a single
neutral Rb-87 atom in an optical dipole trap. Next, both atoms
are prepared in an excited state (see Fig. 1, inset) by short op-
tical pulses. In the following spontaneous decay process each
atom emits a single photon whose polarization is entangled
with the atomic spin [1]. The emitted photons are collected
with high-NA objectives into single-mode optical fibers and
guided to a non-polarizing 50-50 fiber beam-splitter where
they interfere. To ensure good temporal overlap of the photon
wave-functions, the excitation pulses in the two experiments
are synchronized with sub-nanosecond precision [2].

After interference the photons are detected by avalanche
photodetectors. Certain coincident detection events project
the photons onto maximally entangled states thereby entan-
gling the two remote atoms. This scheme is probabilistic but
heralded, i.e., one obtains a signal every time the two atoms
were successfully entangled.

Conditioned on the heralding signal the spin state of both
atoms is read out. By performing correlation measurements
in two complementary bases we have proven entanglement of
the two atoms which was also high enough to violate Bell’s
inequality. By increasing the distance to 300 meter and im-
plementing fast atomic state detection [3] this system may
enable a future loophole-free test of Bell’s inequality.
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Quantum Speedup by Quantum Annealing
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Figure 1: Two binary trees of depth n = 4 glued by a random
cycle. The number of vertices is N = 2772 — 2. Each vertex
is labeled with a randomly chosen 2n-bit string.

We study the glued-trees problem of Childs, et. al. [1] (see
Fig.1) in the adiabatic model of quantum computing and pro-
vide an annealing schedule to solve an oracular problem ex-
ponentially faster than classically possible. The Hamiltonians
involved in the quantum annealing do not suffer from the so-
called sign problem. Unlike the typical scenario, our sched-
ule is efficient even though the minimum energy gap of the
Hamiltonians is exponentially small in the problem size.

Quantum annealing (QA) is a powerful heuristic to solve
problems in optimization [2]. It consists of preparing a low-
energy or ground state |1)) such that, after a simple measure-
ment, the optimal solution is obtained with large probability.
|1} is prepared by following a particular annealing schedule,
with a parametrized Hamiltonian path subject to initial and
final conditions. A ground state of the initial Hamiltonian
is then transformed to |¢) by varying the parameter adiabat-
ically. In contrast to more general quantum adiabatic state
transformations, the Hamiltonians along the path in quantum
annealing are termed sfoquastic and do not suffer from the
so-called numerical sign problem: for a specified basis, the
oft-diagonal Hamiltonian-matrix entries are nonpositive [3].
This property is useful for classical simulations.

A sufficient condition for convergence of the quantum
method is given by the quantum adiabatic approximation. It
asserts that, if the rate of change of the Hamiltonian scales
with the energy gap A between their two lowest-energy
states, |¢) can be prepared with controlled accuracy [?]. It
turns out that the relevant energy gap for the adiabatic ap-
proximation in these cases is not A and can be much bigger.

Because of the properties of the Hamiltonians, the anneal-
ing can also be simulated using probabilistic classical meth-
ods such as quantum Monte-Carlo (QMC). We know that if
the Hamiltonians satisfy an additional frustration-free prop-
erty, efficient QMC simulations for QA exist [4]. This places
a doubt on whether a quantum-computer simulation of gen-
eral QA processes can ever be done using substantially less
resources than QMC or any other classical simulation. To-
wards answering this question, we provide an oracular prob-

] IAIO >c/n?

Figure 2: The three lowest eigenvalues of our parametrized
Hamiltonian H(s) in the column subspace. We divide the
evolution in 5 stages according to s1, ..., 4. Inside [s1, s2]
and [s3, s4], the gap Ajp(s) becomes exponentially small in
n. Brown arrows depict level transitions for an annealing rate
in which $(¢) o 1/poly(n). Other scalings are also shown.

lem and give a QA schedule that, on a quantum computer,
prepares a quantum state |¢)) encoding the solution. The time
required to prepare |¢) is polynomial in the problem size.
The oracular problem was first introduced in Ref. [1] in the
context of quantum walks, where it was also shown that no
classical method can give the solution using poly(n) number
of oracle calls. Our result thus places limits on the power
of classical methods that simulate quantum annealing, even
when the sign-problem is not present.

The annealing schedule we provide is not intended to fol-
low the ground state in the path; transitions to the clos-
est (first-excited) eigenstate are allowed. Nevertheless, the
system (almost) remains in the subspace spanned by these
two states at all times. There are regions in the path where
A o exp(—n). We induce transitions in that subspace by
choosing an annealing rate that is much larger than A, i.e. at
1/poly(n) rates. However, such transitions are useful here.
They guarantee that |1)) is prepared after the annealing due to
a symmetry argument: The same type of transition that trans-
forms the ground to the first-excited state, later transforms the
first-excited state back to the final ground state |¢)).
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Control in the Sciences over Vast Length and Time Scales

Rabitz, H.
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The control of physical, chemical, and biological phenomena
are pervasive in the sciences. The dynamics involved span
vast length and time scales with the associated controls rang-
ing from shaped laser pulses out to the application of special
chemical reagents and processing conditions. Despite all of
these differences, there is clear common behavior found upon
seeking optimal control in these various domains. Evidence
of this common behavior will be presented from the control
of quantum, chemical, and biological processes. The most
evident finding is that control efforts can easily beat the so-
called “curse of dimensionality” upon satisfaction of assump-
tions that are expected to widely hold. Quantum phenomena
provide a setting to quantitatively test the control principles.
The potential consequences of the observations will be dis-
cussed.
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Control of correlated many-body quantum dynamics
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Quantum optimal control has been used for decades to per-
form desired transformations in few-body quantum systems,
as for example in Nuclear Magnetic Resonance experiments.
However, the exponential increase of the Hilbert space size
with the number of the system components and the corre-
spondent complexity of the optimization task prevents the ap-
plication of standard optimal control techniques to the com-
plex dynamics of many-body quantum systems. We present
the CRAB optimal control technique recently introduced to
merge state-of-the-art many-body quantum system simula-
tions tools with optimal control: we show that it is possible
to perform open- and closed-loop optimal control of complex
quantum dynamics in open and closed systems. We intro-
duce the concept of complexity of the optimization task and
we present different theoretical and experimental applications
of optimal control to correlated quantum systems dynamics
as the optimal crossing of a quantum phase transition and
the production of stable and robust-against-noise entangled
states.
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Quantum microrheology
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The quantum nature of light places a fundamental limit
on the sensitivity of optical measurements. In circumstances
with constrained optical power, this limit may only be sur-
passed using non-classical resources. Despite the promise of
non-classical resources, to date the sole example of a real ap-
plication is in interferometric gravity wave detection where
the optical power is constrained due to absorptive heating[1].
A much broader and widely discussed application area is bio-
logical sensing[2], where low light levels are often required to
avoid damaging the specimen. Here we report, to our knowl-
edge, the first experimental demonstration of quantum en-
hanced sensitivity in this context. By injecting appropriately
spatially engineered squeezed light into an optical tweezer,
the motion of naturally occurring lipid granules in a live yeast
cell were tracked in real time with sensitivity surpassing the
quantum noise limit by 42%. The granules reside within the
polymer network of the cells cytoplasm, allowing dynamical
quantum microrheology experiments to be performed. These
experiments reveal subdiffusive motion, providing character-
istic information about the cytoplasms viscoelastic properties
in agreement with recent observations using classical light[3].
The approach demonstrated here provides a pathway towards
microrheology of cell mechanics and the cytoskeleton at high
frequencies, where motion amplitudes are beneath the sensi-
tivity of current technology.

To our knowledge only one biological imaging experiment
has previously been performed using non-classical light[4].
In that work, onion-skin tissue was imaged using optical co-
herence tomography with non-classically correlated photon
pairs reflected from embedded gold nanoparticles. However,
quantum enhanced sensitivity was not demonstrated, and, due
to the low photon flux, measurements of biological dynamics
were precluded.

Our experimental apparatus is shown in Fig. 1. The
specimen was suspended in water within a sample cham-
ber formed by two microscope coverslips, and trapped with
a dual beam optical trap at 1064 nm. An orthogonally po-
larized “probe” field was spatially engineered using a phase
plate for maximum sensitivity to motion of the specimen (see
panels on the right of Fig. 1) and injected into the optical
tweezers. A further “signal” laser field, coherent with the
squeezed probe field, was injected transversely to the opti-
cal axis of the tweezers. Scattering of this field interfered
with the squeezed field, encoding position information about
the specimen which could be retrieved via direct detection.
Apart from the deleterious effects of optical losses and spa-
tial distortion in the objectives and specimen, a major tech-
nical challenge was to minimize exposure to noise sources at
the sub kHz frequencies relevant to biological motion. This
was achieved by stroboscopically pulsing the signal field at
3.522 MHz, which had the effect of mixing up the motion
into the region of strongest squeezing. This technique should
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Figure 1: Top Left: experimental schematic. Top Right: Probe
(red) and scattered (blue) fields, showing dependence of de-
tected intensity on particle position. Bottom: Motional noise
spectra relative to quantum noise limit for shot noise limited
(green) and squeezed (blue) probe. In a) and b) the specimen
are, respectively, a silica bead and a yeast cell.

be broadly applicable to squeezed light enhanced sensors.

Motion sensitivity surpassing the quantum limit by up to
2.7 dB and 2.4 dB was achieved, respectively, for trapped sil-
ica beads and lipid granules within a yeast cell; with typical
experimental results shown in Fig. 2. At low frequencies the
motion of the specimen can be observed. The bead motion is
consistent with diffusive Brownian motion. As can be seen,
the lipid granule motion drops away with frequency more
slowly, with a frequency dependence of w~173%0-04 ¢onsis-
tent with recent classical measurements[3].
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Fast quantum tomography via continuous measurement and control
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Quantum tomography is traditionally a time consuming and
demanding process requiring a large number of measure-
ments on many identically prepared copies, NV, of the state.
In situations where one has simultaneous access to the en-
tire ensemble and the ability to perform a collective measure-
ment, one can extract the required information much more ef-
ficiently. Moreover, if the measurement is performed weakly
and continuously, one can obtain an informationally com-
plete signal if the system is controlled in a well chosen way.
The combination of control and continuous measurement pro-
vides a protocol to perform fast quantum tomography.

We study the implementation of this protocol in a spin-
ensemble of cesium atoms prepared in an arbitrary superpo-
sition of hyperfine ground state magnetic sublevels, a 16 di-
mensional Hilbert space [1]. Continuous measurement is per-
formed by polarimetry, whereby an off-resonant laser beam
probes the collective magnetization through the Faraday ef-
fect. An informationally complete measurement record is ob-
tained when the system is driven with appropriately modu-
lated rf and microwave fields while probed by the laser field.
The Faraday rotation signal registers the expectation values of
the entire Lie algebra su(16), required to estimate an arbitrary
state.

We model the dynamics through a detailed Linblad CP-
map that evolves the measured observables, including the
effects of decoherence and inhomogeneities in the Hamilto-
nian parameters across the ensemble. When the shot-noise of
the probe is very large compared to the projection noise in
the collective spin, quantum backaction is negligible, and the
noisy measurement record occurs according to the probability
distribution

M; = NTr(f=(t:)p0) }2

{
P ({Mi}|po) < [ [ e” 2 M

where M; is the measurement at time t;, fz(t,-) is the
Heisenberg-picture observable at time ¢;, o is the shot-noise
variance, and pg is the initial state to be estimated. An exam-
ple of the experimentally measured and simulated signals for
a known prepared pure state is shown in Fig 1.

We employ two compressed sensing algorithms to estimate
the quantum states. In the first we use a maximum likelihood
estimate, constrained by the fact that pg > 0. In the sec-
ond we use the tools of matrix completion to search for a
low rank (highly pure) state consistent with the measurement
record [2]. Both methods perform well for pure states, yield-
ing high fidelity estimates well before the signal is informa-
tionally complete for an arbitrary state. The matrix comple-
tion estimator is more robust to technical noise and imperfec-
tions in the measurement record. The constrained maximum
likelihood performs better for more mixed states.

The fundamental limits of our protocol are set by the fi-

nite number of copies in the ensemble. In the absence of de-
coherence, measurement-induced backaction ultimately be-
comes important in the continuous-time measurement record.
We study this limit for the simplest problem — estimating the
state of a qubit given NV identical copies. Using the same
Faraday polarimetry probe discussed above, we generate an
informationally complete measurement record through time-
dependent Larmor precession of the spins. We estimate the
state using a “projection filter” that seeks the initial condition
the matches the measurement record under the assumption
that the system remains always in a product state of identical
copies. This is an excellent approximation due to the dynami-
cal decoupling induced by the rapid control. In the absence of
the Larmor control, the backaction of the QND measurement
induces strong correlations between the spins, as associated
with collective spin squeezing. The rapid rotations wash out
the squeezing, on average. We find that this protocol does not
reach the bound of (N + 1)/(N + 2) associated with the op-
timal POVM on the collective state [3], with the deficit arises
from the control policy and the approximation of the project
filter.

This work was supported by NSF grants PHY-0969371,
PHY-0969997, and PHY-0903953.
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Figure 1: Example tomography of the state |3, 3) + |3, —3).
(a) measurement record: experimental (red) model (black).
(b,c) reconstructed states from estimation algorithms
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Reliable Quantum State Tomography
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Quantum state tomography is the task of estimating the state
of a quantum system using measurements. Typically, one
is interested in the (unknown) state, in the following de-
noted o, generated during an experiment which can be re-
peated arbitrarily often in principle. However, the number,
n, of actual runs of the experiment, from which data is col-
lected, is always finite (and often small). As pointed out re-
cently (see, e.g., [1, 2, 5]), this may lead to unjustified (or
even wrong) claims when employing standard statistical tools
without care. Here we propose a method for obtaining reli-
able estimates from finite tomographic data. Specifically, the
method allows the derivation of confidence regions, i.e., sub-
sets of the state space in which the unknown state o is con-
tained with probability almost one.

In this abstract, we briefly describe our approach, making
some simplifying assumptions for convenience. We refer to
the full paper [5] for the general case as well as for a further
more detailed discussion. The proof of the main theorem is
based on techniques introduced in [6, 3].
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Figure 1: Example of a confidence region I' (red set) ob-
tained by tomography on a two-dimensional quantum system
(shown in the Bloch sphere representation). The shape and
size of the confidence region depends on the type and num-
ber of measurements applied to the system.

Scenario and notation: Consider an experiment that is re-
peated n times. Assume that, in each run, the system evolves
to the same unknown state, specified by an element o of the
set S(H) of density operators on a Hilbert space H. Sub-
sequently, a measurement specified by a POVM {B, }, (on
‘H) is applied. The measurement outcomes of the n runs are
denoted by 1, . .., x,, respectively.

In the next paragraph, we describe a general criterion for
constructing confidence regions, TS C S(#), depending on
the experimental data x = (z1,...,z,) (c.f. Fig. 1). We
then state a theorem, which asserts that ¢ € T holds with
probability almost one, therefore justifying the construction.

Deducing confidence regions: For any possible sequence
of measurement outcomes X, let 15 be the probability distri-
bution on the state space S(#) defined by

pix(5)do = N | [ t2[6Ba, ]do

i=1

€y

where A is a normalization constant and do denotes the
Hilbert Schmidt measure. Furthermore, for some fixed € > 0
and for any x, let I'x be a subset of S(H) with weight

/ jx(@)do > 1 — — @
I'x 2Cn
where ¢,, = (Q'L[;‘f; '), with d the dimension of . Finally,

we define T'Y as the set of all & € S(#) whose distance (mea-
sured in terms of the purified distance [7]) to a density oper-
atorin Iy isatmost§ = (2In2 + 21n¢,)2.

Theorem [5]. For any o € S(H)

Probyfc € T%]>1—¢ 3)

where the probability is taken over all possible measurement
outcomes x, distributed according to px = [[, tr[o By, ).
The theorem guarantees that, whatever the “true” state o
is, the confidence region I'J will contain this state almost cer-
tainly. Note that, crucially, the criteria for specifying the con-
fidence region (c.f. Eq. 2) only depends on the measurement
data x, but not on the (initially unknown) state o.
Generalizations: The above claim can be shown to hold
within a more general setup than the one described here
(see [S]). In particular, using the quantum de Finetti’s the-
orem [4], the assumption that an identical state o is generated
in each run of the experiment can be relaxed to the assumption
that the actual runs of the experiment are chosen at random
from an (in principle) infinitely long sequence of runs. Fur-
thermore, nothing needs to be assumed about the nature of the
measurements. In particular, they may depend on each other
and can have an unbounded number of possible outcomes.
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Room Temperature Quantum Bit Memory Exceeding One Second
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Many applications in quantum communication and quantum
computation rely upon the ability to maintain qubit coher-
ence for extended periods of time. Furthermore, integrat-
ing such quantum mechanical systems in compact, mobile
devices remains an outstanding experimental task. While
trapped ions and atoms can exhibit coherence times as long
as minutes, they typically require a complex infrastructure in-
volving laser-cooling and ultra-high vacuum. Other systems,
most notably ensembles of electronic and nuclear spins, have
also achieved long coherence times in bulk ESR and NMR
experiments; however, owing to their exceptional isolation,
individual preparation, addressing and high fidelity measure-
ment remains challenging.

We demonstrate high-fidelity control of a solid-state qubit,
which preserves its polarization for several minutes and fea-
tures coherence lifetimes exceeding 1 second at room tem-
perature. Our approach is based upon an individual nuclear
spin in a room-temperature solid. We work with an isotopi-
cally pure diamond sample consisting of 99.99% spinless '2C
isotope. The qubit consists of a single 1*C (I = 1/2) nu-
clear spin in the vicinity of a nitrogen-vacancy color center,
which is used to initialize the nuclear spin [1] in a well de-
fined state and to read it out in a single shot using quantum
non-demolition measurement [2, 3]. The long qubit memory
time was achieved via a technique involving dissipative de-
coupling of the single nuclear spin from its local environment.
A combination of laser illumination and RF decoupling pulse
sequences [4, 5] enables the extension of our qubit memory
lifetime by nearly three orders of magnitude. This approach
decouples the nuclear qubit from both the nearby electronic
spin and other nuclear spins, demonstrating that dissipative
decoupling can be a robust and effective tool for protecting
coherence.

As a future application of our techniques the realization
of fraud resistant quantum tokens can be considered. Here,
secure bits of information are encoded into long-lived quan-
tum memories. Along with a classical serial number, an ar-
ray of such memories, may possible constitutes a unique un-
forgeable token [6, 7]. With a further enhancement of stor-
age times, such tokens may potentially be used as quantum-
protected credit cards or as quantum identification cards [7]
with absolute security. Furthermore, NV-based quantum reg-
isters can take advantage of the nuclear spin for storage, while
utilizing the electronic spin for quantum gates and readout. In
particular, recent progress in the deterministic creation of ar-
rays of NV centers enables the exploration of robust quantum
state transfer [8] and scalable architectures for room temper-
ature quantum computers [9].
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Optical parametric amplifiers together with phase-shifters
and beam-splitters have certainly been the most studied ob-
jects in the field of quantum optics. Interestingly, despite such
an intensive study, optical parametric amplifiers still keep se-
crets from us. We will show how they seem to hold the an-
swer to one of the oldest problems in quantum communica-
tion theory, the calculation of the optimal communication rate
of optical channels.

Optical communication channels, such as optical fibers and
amplifiers, are ubiquitous in todays telecommunication net-
works. Therefore knowing the ultimate communication ca-
pacity is of crucial importance. Since information is neces-
sarily encoded in a physical system and since quantum me-
chanics is currently our best theory of the physical world, it
is natural to seek the ultimate limits on communication set
by quantum mechanics. Contrary to what happens in classi-
cal Shannon theory [1], a simple and universal formula for
the capacity C'(M) of sending classical bits over a quantum
channel M has not yet been found (neither disproved to exist)
despite huge amounts of work by the quantum information
community. Nevertheless, for some highly symmetric chan-
nels, such as depolarizing channels or unital qubit channels,
people were able to obtain their capacity by showing it to be
equal to the Holevo capacity

Cr (M) = max (S (M(p) = > _paS (M(pa))) Q)

where & = {pa,pa} is the coding source and where p =
> o Papa and S(o) is the von Neumann entropy of the quan-
tum state o. For a long time it was strongly believed by
the quantum information community that the Holevo capac-
ity C'r (M) was additive and therefore gave the exact channel
capacity for all quantum channels. This believe was proven
to be wrong in 2009 by Hastings [2], therefore showing that
entanglement could be a useful resource for transmitting clas-
sical information over quantum channels.

An important step towards the elucidation of the classi-
cal capacity of an optical quantum channel was made in [3],
where the authors showed that C'(£) of a pure-loss chan-
nel £L—a good (but idealized) approximation of an optical
fiber—is achieved by random coding of coherent states us-
ing an isotropic Gaussian distribution. It had long been con-
jectured that such an encoding achieves C'(M) for the whole
class of optical channels called single-mode phase-insensitive
Gaussian bosonic channels, including noisy optical fibers and
amplifiers [4, 5]. Despite multiple attempts, this conjecture
has since then escaped a proof. Actually, proving a slightly
stronger result known as the minimum output entropy conjec-
ture, namely that a vacuum input state minimizes the output
entropy of phase-insensitive channels, would be sufficient.
Unfortunately, even the simpler case of proving vacuum to

minimize the output entropy for a single use of the channel
has turned out to be an extremely challenging task. On top of
that, it was not known whether the Holevo capacity is addi-
tive for phase-insensitive Gaussian bosonic channels. If that
would not be the case, as in Hasting’s counterexample, ob-
taining the capacity would become a real daunting task.

In a recent work the authors showed that the minimum out-
put entropy conjecture for a single-use of a phase-insensitive
Gaussian bosonic channels could be reduced to prove that
among all input states [¢)ap = |¢) ® |0) of a two-mode
squeezer

U(r) = exp [r(anas — alal)/2] @

the vacuum state [0) 4 = |0) ® |0) minimizes the output
entanglement [6]. The authors also provided a partial proof
of this conjecture for a special class of input states, namely
photon number states. Therefore, we are left with the (possi-
bly simpler) task of showing that the input states which min-
imizes the output-entropy is isotropic in phase space.

Later some of the authors discovered that the result of [6]
can be extended by showing that the Holevo capacity is addi-
tive if the minimum output entropy conjecture holds [7]. In-
terestingly, for some important quantum-limited channels one
can even prove the additivity of the Holevo capacity indepen-
dently of the minimum output entropy conjecture being true
or not. The combination of those two recent results ([6, 7])
brings a new perspective on one of the oldest open problems
in quantum communication theory, which could potentially
lead to its final solution by reducing it to a detail study of the
entangling properties of optical parametric amplifiers.
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Information storage capacity of discrete spin systems
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Introduction: What is the limit of information storage
capacity of physical systems? For continuum systems, this
problem has been answered by Bekenstein where he showed
there is an upper bound for the amount of information that can
be stored inside a finite volume. The most surprising outcome
is the fact that black holes saturate this theoretical limit.

Here we ask a similar question for discrete spin systems
on a lattice, inspired a pioneering work [1]. In particular, we
study classical error-correcting codes which can be physically
realized as the energy ground space of gapped local Hamilto-
nians.

For spin systems on a D-dimensional lattice governed by
local frustration-free Hamiltonians, the following bound is
known to hold; kd'/P < O(n) where k is the number of
encodable logical bits, d is the code distance, and n is the
total number of spins in the system [1]. Yet, previously
found codes were far below this bound and it remained open
whether there exists an error-correcting code which saturates
the bound or not (see Fig. 1b).
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Figure 1: a. Encoding of information into discrete spin sys-
tems via local interactions. b. Theoretical limit on informa-
tion storage capacity of discrete spin systems for D = 2. L
is the linear length of the lattice. Coding properties of rep-
etition codes, supported by ferromagnetic interactions, are
shown with a dotted line

Here, we give a construction of local spin systems which
saturate the bound asymptotically with & ~ O(LP~!) and
d ~ O(LP~¢) for an arbitrary small ¢ > 0 where L is the
linear length of the system. Therefore, our construction gives
the best error-correcting code that is physically realizable as
the gapped ground space.

Model: Our model borrows an idea from a fractal geome-
try arising in Sierpinski triangle. The Sierpinski triangle can
be physically realized as a ground state on a square lattice via
three-body interactions with degenerate ground states. Re-
cently, its coding properties have been predicted as [1]:

log 3

k~O(L),  d~O(L™:?) (M

where 1253 ~ 1.585.

Despite a remarkable idea of constructing a local code
based on the Sierpinski triangle, this system is still below the

theoretical limit. Also a complete mathematical proof for the
prediction was missing.

7
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Figure 2: Physical realizations of the generalized Sierpinski
triangle.

Our construction utilizes a generalization of the Sierpinski
triangle to higher-dimensional spins. Fractal properties of the
Sierpinski triangle with three-dimensional spins with possible
spin values 0, 1,2 are shown in Fig. 2. The number of non-

log 6
zero spins in this generalized Sierpinski triangle is Liss , and

thus, its fractal dimension is 1255 ~ 1.631. This generaliza-

log 3

tion gives a fractal code with & ~ O(L) and d ~ O(L%)

where k is the number of encodable three-dimensional spins.

The key observation is that the fractal dimension of the

Sierpinski triangle grows as the inner dimension of spins, de-

noted by p, increases. Assuming p is a prime number, at the
limit where p goes to infinity, we notice

1 p(p+1)
p@ 85 o phe @
p logp

where D,(,Z) is the fractal dimension of the Sierpinski triangle

with p-dimensional spins. Therefore, by taking sufficiently
large p, one can construct a fractal code with k ~ O(L)
and d > O(L?7¢) for an arbitrary small ¢ > 0 where k is
the number of encodable p-dimensional spins. This family
of fractal codes will saturate the theoretical limit asymptoti-
cally. A similar construction works for D > 2 too. All the
mathematical details and proofs leading to these claims are
presented in [2].

To conclude, we point out that an area law naturally arises
on coding properties of fractal codes: the number of encoded
bits k is area-like with & ~ O(LP~1), while the code dis-
tance d is asymptotically volume-like with d ~ O(LP~¢).
However, a connection between fractal codes and black holes
has not been established, with further work needed.
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Quantum memories for few qubits: design and applications
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The realization of devices which harness the laws of quan-
tum mechanics represents an exciting challenge at the in-
terface of modern technology and fundamental science. An
exemplary paragon of the power of such quantum primi-
tives is the concept of “quantum money” as introduced by
Wisner more than thirty years ago. A dishonest holder of
a quantum bank-note will invariably fail in any forging at-
tempts; indeed, under assumptions of ideal measurements
and decoherence-free memories such unconditional security
is guaranteed by the no-cloning theorem. In any practical
situation, however, noise, decoherence and operational im-
perfections abound. Thus, the development of secure “quan-
tum money”’-type primitives capable of tolerating realistic in-
fidelities is of both practical and fundamental importance.
Here, we propose a novel class of such protocols and demon-
strate their tolerance to noise; moreover, we prove their rig-
orous security by determining tight fidelity thresholds. Our
proposed protocols require only the ability to prepare, store
and measure single qubit quantum memories, making their
experimental realization accessible with current technologies.
Such memories are devices where one can store quantum in-
formation in the presence of noise. There have been several
proposals on how to achieve this goal, as well as proof of prin-
ciple demonstrations. In this talk we also revise some of those
proposals and explain under which conditions they can work;
that is, what kind of noise they can withstand. Joint work with
F. Pastawski, L. Mazza, M. Rizzi, N. Yao, L. Jiang, and M.
Lukin.
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In [R. Jozsa, B. Kraus, A. Miyake, J. Watrous, Proc. R. Soc.
A 466, 809-830 (2010)] it has been shown that a match gate
circuit running on n qubits can be compressed to a univer-
sal quantum computation on log(n) + 3 qubits. Here, we
show how this compression can be employed to simulate the
Ising interaction of a 1D—chain consisting of n qubits using
a universal quantum computer running on log(n) qubits. We
demonstrate how the adiabatic evolution can be realized on
this exponentially smaller system and how the magnetization,
which displays a quantum phase transition, can be measured.
This shows that the quantum phase transition of very large
systems can be observed experimentally with current tech-
nology [1].

Due to the exponential growth of the required resources,
like space and time, as a function of the number of consid-
ered quantum systems, the simulation of certain quantum sys-
tems on a classical computer seems to be an unfeasible task.
As conjectured by Feynman and proven by LLoyd, however,
a quantum system can be used to simulate the behavior of
another. The former one being such that the interactions be-
tween the systems are well-controllable and that the measure-
ments can be performed sufficiently well. The suitability for
the realization of such a quantum simulator has been shown
for experimental schemes based on optical lattices or ion—
traps [2]. Recently, several experiments using for instance
trapped ions, neutral atoms or NMR have realized quantum
simulations [3].

An important application of the quantum simulator is the
study of the ground state properties of certain condensed mat-
ter systems. Quantum spin models are well suited for the
investigations of quantum phase transitions, which occur at
zero temperature due to the change of some parameter, like
the strength of the magnetic field, or pressure. The 1D quan-
tum Ising model, for instance, exhibits such a phase transi-
tion. It can be detected by measuring the magnetization as a
function of the ratio between the interaction strength and the
strength of the external magnetic field, which will be denoted
by J here. Since the Ising interaction is relatively simple,
this is a good model for the experimental demonstration of
quantum simulation, even though it can be simulated classi-
cally efficiently. Experimentally, the ground state properties,
like the magnetization, M (.J), of the Ising model for a small
number of qubits have been recently observed.

Here we use a different approach, which makes use of the
fact that certain quantum circuits, the so—called matchgate
(MG) circuits (MGC), can be simulated by an exponentially
smaller quantum system [4]. We extend here this result and
introduce new techniques to show that the evolution of the
1D Ising model (including the measurement of the magne-
tization) of a spin chain consisting of n qubits can be simu-
lated by a compressed algorithm running only on 72 = log(n)
qubits. More precisely, it is shown that the magnetization,
M (J), can be measured using the following algorithm: 1)

First prepare the initial rh—qubit state pj, = 1@ |[+4) (+] .,
with [+,) = 1/v/2(|0) — i|1)); 2) evolve the system up to
a certain value of J according to a specific unitary operator
W(J); 3) measure the rm—th qubit in y—direction, i.e. Y.
The expectation value of Y}; coincides with the magnetiza-
tion, M (J) (for n qubits) up to a factor —1. The size of this
circuit, i.e. the total number of single and two—qubit gates
required to implement W (.J), is at most as large as the one
required to implement U(J) for the original circuit. More-
over, the error due to the Trotter approximation is the same
as the one of the original system, since we are simulating the
gates exactly. Due to the fact that this compressed quantum
computation corresponds to the simulation of the Ising model
not only the magnetization, but also other quantities, like cor-
relations can be measured.

This result allows for the experimental measurement of the
quantum phase transition of very large systems with current
technology. Consider for instance, experiments with ion-traps
or NMR quantum computing where say 8 qubits can be well—
controlled. According to the results presented here such a sys-
tem can be employed to simulate the interaction of 28 = 256
qubits. Of course, for such a large system the phase transition
can be well observed. Note, that in contrast to [4], where ar-
bitrary MGC are considered, we use here the properties of the
Ising model to show that only log(n) (instead of log(n) + 3)
qubits are required for the simulation. That is, in the exper-
iment suggested above the phase transition of 256 instead of
2% = 32 qubits can be observed.
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Occam’s razor is an important principle that guides the de-
velopment of theoretical models in quantitative science. In
the words of Isaac Newton,“We are to admit no more causes
of natural things than such as are both true and sufficient to
explain their appearances.” Take for example application of
Newton’s laws on an apple in free fall. The future trajectory
of the apple is entirely determined by a second order differ-
ential equation, that requires only its current location and ve-
locity as input. We can certainly construct alternative models
that predict identical behavior, that demand the apple’s entire
past trajectory as input. Such theories, however, are dismissed
by Occam’s razor, since they demand input information that
is either unnecessary or redundant.

Generally, a mathematical model of a system of interest
is an algorithmic abstraction of its observable output. En-
vision that the given system is encased within a black box,
such that we observe only its output. Within a second box
resides a computer that executes a model of this system with
appropriate input. For the model to be accurate, we expect
these boxes to be operationally indistinguishable; their out-
put is statistically equivalent, such that no external observer
can differentiate which box contains the original system.

There are numerous distinct models for any given sys-
tem. Consider a system of interest consisting of two binary
switches. At each time-step, the system emits a O or 1 de-
pending on whether the state of the two switches coincides,
and one of the two switches is chosen at random and flipped.
The obvious model that simulates this system keeps track of
both switches, and thus requires an input of entropy 2. Yet,
the output is simply a sequence of alternating Os and 1s, and
can thus be modeled knowing only the value of the previ-
ous emission. Occam’s razor stipulates that this alternative is
more efficient and thus superior; it demands only an input of
entropy 1 (i.e., a single bit), when the original model required
two.

Efficient mathematical models carry operational conse-
quence. The practical application of a model necessitates its
physical realization within a corresponding simulator (Fig. 1).
Therefore, should a model demand an input of entropy C, its
physical realization must contain the capacity to store that in-
formation. The construction of simpler mathematical models
for a given process allows potential construction of simulators
with reduced information storage requirements. Thus we can
directly infer the minimal complexity of an observed process
once we know its simplest model. If a process exhibits ob-
served statistics that require an input of entropy C' to model,
then whatever the underlying mechanics of the observed pro-
cess, we require a system of entropy C' to simulate its future
statistics.

These observations motivate maximally efficient models;
models that generate desired statistical behavior, while requir-
ing minimal input information. In this presentation, we dis-
cuss recent results that even when such behavior aligns with
simple stochastic processes, such models are almost always
quantum [1]. For any given stochastic process, we outline its
provably simplest classical model, We show that unless im-
provement over this optimal classical model violates the sec-
ond law of thermodynamics, our construction and a superior
quantum model and its corresponding simulator can always
be constructed.

We discuss the implications of this result to complexity
theory, where the minimum amount of memory to simulate
a process is employed as a measure of how much structure a
given process exhibits [2]. The rationale being that the op-
timal simulator of such a process requires at least this much
memory. Many organisms and devices operate based on the
ability to predict and thus react to the environment around
them, and thus the possibility of exploiting quantum dynam-
ics to make identical predictions with less memory implies
that such systems need not be as complex as one originally
thought.

with: orerogy ©

Figure 1: To implement a mathematical model, we must real-
ize it within some physical simulator. To do this, we (a) en-
code "2’ within a suitable physical system, (b) evolve the sys-
tem according to a physical implementation of f and (c) re-
trieve the predictions of model by appropriate measurement.
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Quantum information technology has been developing
rapidly in last two decades. Very recently, quite a few op-
tical quantum key distribution networks have been reported,
enabling preliminary practical applications in secure informa-
tion transfer. Meanwhile, a number of significant progresses
have also been made in the research of linear optical quantum
computing, simulation and metrology. However, on the way
towards large-scale optical quantum information processing
serious problems occur. On the one hand, the distance of
fiber?based quantum communication is limited, due to intrin-
sic fiber loss and decreasing of entanglement quality caused
by the noisy environment. On the other hand, the probabilis-
tic feature of single and entangled photon sources would also
cause an exponentially increasing overhead for large-scale
optical quantum information processing.

To solve the above problems, quantum repeaters and/or
transmission of optical quantum bits over free space channel
can be efficiently exploited for future wide?area realization
of quantum communication. In addition, memory built-in
quantum repeaters would also enable scalable linear optical
quantum computing, simulation and high precision measure-
ment. In this talk I will present some recent experiments from
our group, including eight-photon entanglement, topological
quantum error-correction, quantum repeater and efficient and
long-lived quantum memory, and entanglement distribution
and quantum teleportation over 100km-scale free-space quan-
tum channels. These experiments show the promising future
possibility towards scalable quantum information processing
with photons and atoms.
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In quantum communication, information moves from one

place to another, while in quantum heat transport, entropy and Q uan t um

energy do the moving. Because entropy is a form of infor-

mation, the same physics governs both processes. Near-field co mmuaun ic at i on

heat transport can occur at rates substantially greater than the
black-body limit. I derive a quantum-communication based Awa rd
limiting rate for near-field heat transport.
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Quantum cryptography is the most advanced application of
quantum communication. It has found niche markets, with
several commercial systems running continuously on several
continents.

Today’s, there are at least two Grand Challenges for aca-
demic research in quantum communication. The first one
aims at futuristic continental scale quantum networks. The
second one concerns “device independent QKD”, that is an
implementation of Quantum Key Distribution that exploits
the nonlocal correlation observed in violations of Bell’s in-
equality to realize “self testing QKD apparatuses”.

We first present our recent results on solid state multimode
quantum memories [1, 2], including quantum memories for
photonic polarization qubits [3]. In addition of being a key
component for quantum repeaters, entangled quantum mem-
ories can be seen as “mesoscipic entanglement” in a sense to
be discussed.

Next, we present ideas [4]and preliminary results [S] on
a qubit amplifier. This should be a central component for
Device Independent QKD, hence, possibly also for a loophole
free Bell test.
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Increasing the key generation rate is one the the most impor-
tant goals in the development of quantum key distribution.
Systems which rely on sensitive single photon detectors are
limited by the maximal countrate of these detectors. Yet this
countrate directly determines the achievable key generation
rate. If this countrate limit is reached, the keyrate can only be
increased if the ammount of key that is lost during the privacy
amplification step in the QKD-protocol is reduced.

The original BB84 QKD-protocol[1] uses single photons
as qubits for the key distribution. The privacy amplification
in BB84 depends only on the error rate of the transmission. If
a system uses faint laser pulses instead of single photons an
extension to the BB84 protocol is necessary to guarantee se-
curity: the Decoy protocol[2]. The Decoy protocol introduces
additional losses during the privacy amplification compared
to BB84, in order to compensate the advantage an eavesdrop-
per gains from faint pulses which occasionally contain multi-
ple photons. Therefore, changing from faint pulses to single
photons enables to increase the possible key rate. However,
this would requires a very efficient and convenient single pho-
ton source. Electrically driven quantum dots are a promising
type of single photon sources which might offer the required
efficiency to overcome this threshold in a practical manner.

Compared to attenuated pulse systems, the main problem
problem using single photon sources is the coding of the
photons, as it requires extremely fast optical modulators or
switches. If the extinction ratio of the modulator is too low
the error rate will increase and the secure key rate will go
down. Such an effect could easily foil the possible gain of
single photon sources over faint laser pulses.

We performed several experiments in a lab environment
using InAs quantum dots emitting in the near infrared
spectral range, which were fabricated at the university of
Wiirzburg[3]. A very high photon extraction efficiency was
achieved using an optimized micropillar cavity design result-
ing in efficiencies up to 30%. We could successfully demon-
strate QKD and achieved a sifted key rate of 35 kBit/s and
an error rate of 3.8 % with a ¢g(®)-value of 0.40. In a second
run of experiments we used InP quantum dots emitting in the
red spectral range, which were manufactured at the university
of Stuttgart[4]. Their emission wavelength perfectly matches
the peak detection effeciency of SI APDs. We could achieve
a sifted key rate of 95 kBit/s and an error rate of 4.2 % with a
g@-value of 0.48.

Using the experience gathered, we integrated the InAs sin-
gle photon source into the 500 meter free space QKD link
in downtown munich. The main challenge was to transfer a
typical lab setup to verly limited space replace the liquid He
cooling system.

Finally, we could fully characterize the source also in the
new setup and successfully demonstrate QKD over a 500 me-
ter free space link. The achieved sifted rates of over 10 kHz
with error rates of 6 % demonstrate the feasibility and pave
the way towards increased QKD rates.

This work is financially supported by the german min-
istry of education and research project “QPENS” and
“EPHQUAM”.
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Traditionally, the main objective of cryptography is to
protect communication from the prying eyes of an eaves-
dropper. Yet, with the advent of electronic communi-
cations, new cryptographic challenges arose as we would
like to enable two-parties Alice and Bob, to solve joint
problems even if they do not trust each other. Exam-
ples of such tasks include secure auctions, or the problem
of secure identification, e.g. of a customer to an ATM
machine. Whereas protocols for general two-party cryp-
tographic problems may be involved, it is known that
they can in principle be built from basic building blocks
known as oblivious transfer and bit commitment.
Unfortunately, it has been shown that even with quantum
communication none of these tasks can be implemented
securely. Only weak variants can be obtained, where the
attacker can cheat with large probability, rendering them
uninteresting for practical applications. Yet, since two-
party protocols form a central part of modern cryptogra-
phy, one is willing to make assumptions on how powerful
an attacker can be in order to implement them securely.
In particular, the bounded [1] and noisy-storage model [4]
make the physical assumption that the attacker’s quan-
tum memory device is limited and/or imperfect to enable
security. This is indeed realistic today, as constructing
large scale quantum memories that can store arbitrary
information successfully has proved rather challenging.

Results

Protocol and analysis In this work, we first adapt the
bit commitment protocol of [2] and provide a full analysis
of its security in an experimental context. We prove its
security for a wide range of experimental parameters. In
essence, our slight adaptation of the protocol from [2]
makes it robust against experimental losses and errors.

Experimental implementation Second, we perform
the first ever experimental implementation of bit commit-
ment in the noisy-storage model. This is the first ever im-
plementation of a protocol in the bounded/noisy-storage
model, and demonstrates the feasibility of implementing
two-party protocols in such models.

New uncertainty relation Enabling the experiment, is
our development of a new uncertainty relation for BB84
measurements. Previously, the security of two party pro-
tocols was based on the uncertainty relation developed
in [1], which yields an exponentially decreasing error in
the limit of large block length. While this is sufficient
for a proof of principle, an implementation based on this
relation is extremely time-consuming due to the size of
block length required for a small error parameter. We
have proven entropic uncertainty relations that pave the
way for a practical implementation of many other BB84
and six-state protocols [1, 3, 4] at small block length. As

FIG. 1: Experimental setup. Polarization-entangled pho-
ton pairs are generated via non-collinear type-II spontaneous
parametric down conversion of blue light from a laser diode
(LD) in a Barium-betaborate crystal (BBO), and distributed
to polarization analysers (PA) at Alice and Bob via single
mode optical fibers (SF). The PA are based on a nonpolariz-
ing beam splitter (BS) for a random measurement base choice,
a half wave plate (A/2) at one of the of the outputs, and po-
larizing beam splitters (PBS) in front of single-photon count-
ing silicon avalanche photodiodes. Detection events on both
sides are timestamped (TU) and recorded for further process-
ing accoding to the bit commitment protocol. A polarization
controller (PC) ensures that polarization anti-correlations are
observed in all measurement bases.

part of our proof we show tight uncertainty relations for
a family of Rényi entropies that may be of independent
interest. In the practically feasible regime, our relation
provides a decisive advantage enabling an experimental
implementation of all protocols proposed in such mod-
els to date. We employ this for our experimental imple-
mentation of bit commitment, significantly reducing the
amount of classical information post-processing required
in the protocol.
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Quantum key distribution (QKD) offers a function to gen-
erate secure random numbers on demand over a point-to-
point optical link. Although its performance is still restric-
tive, this important function should be appreciated in many
scenes, not only for protecting data confidentiality but also
for providing keys for authentication and signature. These
QKD-based services will be useful in intra-server networks
and campus-scale networks of mission-critical organizations.
If QKD devices can be compact and cheap, they will be used
for key exchange for those purposes. A typical structure of
QKD-secured network, referred to as secure photonic net-
work, is depicted in Fig. la. Secure keys are generated in the
quantum layer, and provided to the key management (KM)
layer, where the secure keys are stored and managed by the
KM agents for security sevices in the application layer.

In this talk, we present and discuss our recent results and
future issues on QKD and related technologies in each layer.
In quantum layer there are three main issues; QKD link,
quantum node, and quantum side-channels. We have de-
veloped GHz-clocked QKD link technologies, and deployed
them in a testbed “Tokyo QKD Network” [1]. Its current
topology is shown in Fig. 1b. NEC-NICT system (BB84)
demonstrated three-wavelength-division-multiplexing QKD
at 1.24GHz rate at each wavelength in an 45km installed fiber,
using semiconductor avalanche photodiodes (APD) and su-
perconducting single photon detectors [2]. Toshiba system
(BB84) realized high bit rate QKD over a 45km field link
with a record bit-rate distance product of 13.2x10° (bits/s)-
km, using novel self-differencing APDs and an active stabi-
lization technique. NTT-NICT system (DPS-QKD) has been
put to long term operation test over a 90km distance. A coun-
termeasure against the so-called bright illumination attack is
proposed and experimentally demonstrated for this system.

New applications based on QKD have also been developed.
Mitsubishi system (BB84) has an interface to upload secure
keys to smartphones. NICT fabricated an QKD-assisted au-
thentication of network swiches to prevent spoofing and fal-
sification in the key management layer.

The network topology will be revised in a couple years as

shown in the middle of Fig. 1b, including continuous vari-
able QKD link (Gakushuin system). The current status of this
technology will be reported in the talk. The revised topol-
ogy allow us to perform multiparty tasks. In 2015, a free
space QKD link and some further fiber links will be added.
Some nodes will perform wavelength and format conversion
for fiber-space link in the quantum domain (quantum node).
It is still an open question what kind of topology would be
the best. It will be designed according to the best knowledge
obtained until then.

* A. Tanaka is currently with NEC Laboratories America.
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Figure 1: Conceptual view of secure photonic network and
quantum layer topology of Tokyo QKD Network
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A new method for quantifying the noise level associated plication of ® on the system, i.e.
to a given quantum transformation is introduced. The key
mechanism lying at the heart of the proposal is noise addi- " :=PodPo---0d . (2)

tion: in other words we compute the amount of extra noise
we need to add to the system, through convex combina-
tion with a reference noisy map or by reiterative applica-
tions of the original map, before the resulting transformation
becomes entanglement-breaking. We also introduce the no-
tion of entanglement-breaking channels of order n (i.e. maps
which become entanglement-breaking after n iterations), and
the associated notion of amendable channels (i.e. maps which
can be prevented from becoming entanglement-breaking af-
ter iterations by interposing proper quantum transformations).
Explicit examples are analyzed in the context of qubit and
one-mode Guassian channels.

In quantum information several entropic functionals (the
so called quantum capacities) have been introduced that pro-
vide a sort of “inverse measures” of the noise level associated
with a given process, see e.g. Refs. [1, 2, 3]. Quantum ca-
pacities have a clear operational meaning as they gauge the
optimal communication transmission rates achievable when
operating in parallel on multiple copies of the system: conse-
quently the noisier the channel is, the lower are its associated
quantum capacities. Unfortunately however, even for small
systems, these quantities are also extremely difficult to eval-
uate since require optimization over large coding spaces, e.g.
see Ref. [4, 5].

In [6] we introduce an alternative way to determine how
disruptive a channel might be which, while still having a sim-
ple operational interpretation, it is easier to compute than the
quantum capacities. The starting point of our analysis is to
use Entanglement-Breaking (EB) channels [7, 8] as the fun-
damental benchmarks for evaluating the noise level of a trans-
formation. A reasonable way to quantify the noise level of
a generic map ® can then be introduced by computing how
much extra noise we need to “add” to it before the result-
ing transformation becomes entanglement-breaking. The in-
tuitive idea behind this approach is that channels which are
less disruptive should require larger amount of extra noise to
behave like an entanglement-breaking map.

In particular we analyze two different mechanisms of noise
addition. The first one assumes to form convex combinations
of the input channel ® with generalized depolarizing channel
(0] DEP> ie.

M

In this approach the level of noise associated with the origi-
nal map @ is gauged by the minimum value p. of the mix-
ing parameter ;. which transforms the above mixture into an
entanglement-breaking map (of course a proper characteri-
zation of this measure requires an optimization upon ®pgpp
t00).

The second mechanisms assumes instead the reiterative ap-

(1—p)®+u®pep -

n times

In this case the noise level is determined by the mini-
mum value n,. of iterations needed to transform & in an
entanglement-breaking map (if such minimum exists). The
definition of n. gives us also the opportunity of introduc-
ing the set of the entanglement-breaking channels of order
n, and the notion of amendable channels. The former is com-
posed by all CPT maps ¢ which, when applied n times, are
entanglement-breaking. Vice-versa a channel ® is amendable
if it can be prevented from becoming entanglement-breaking
after n. iterations via a proper application of intermediate
quantum channels.
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In the past few years superconducting nanowire single photon
detectors have become a prominent choice for the detection
of single photons at telecommunication wavelengths. They
combine a short dead time (<10 ns) with a low dark count
rate (<10 cps) and a low timing jitter (60 ps). Its quantum
efficiency is however moderate (5% at 1550 nm). In this talk
I will show which steps we have taken to improve the effi-
ciency and the implementation in experiments of this higher
efficiency detectors.

The most limiting factor for the efficiency is the absorption
in the thin superconducting film. To increase the absorption
we have fabricated SNSPDs on an oxidized silicon substrate.
In addition we have developed a fiber coupling technique, by
etching the chip in the shape of an FC connectorized fiber
(see Fig. la), which makes it straightforward to implement
the detectors in experiments. In this way we achieve a system
detection efficiency of 34% at 1300 nm.
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Figure 1: (a) SNSPD device (b)InAsP quantum dots in InP
nanowires (c¢)Setup to measure antibunching with a single de-
tector (d) Gold plasmon waveguide on an SNSPD.

This high system detection efficiency allows us to demon-
strate single-photon and cascaded photon pair emission in the
infrared, originating from a single InAsP quantum dot embed-
ded in a standing InP nanowire (Fig. 1b). Clear antibunching

is observed and we show a biexciton-exciton cascade, which
can be used to create entangled photon pairs .

The short dead time of the SNSPD allows us to perform
an elementary experiment to unambiguously demonstrate the
quantum nature of light. This experiment uses only one light
source and one detector (Fig. 1c), in contrast to a Hanbury-
Brown and Twiss configuration, where a beam splitter directs
light to two photodetectors, creating the false impression that
the beam splitter is a fundamentally required element. As
additional benefit, our results provide a major simplification
of the widely used photon-correlation techniques.

I will also demonstrate that SSPDs can be used to directly
detect surface plasmon polaritons (plasmons). Plasmons are
electromagnetic waves propagating on the surface of a metal
with appealing characteristics of shortened wavelengths, en-
hanced field strengths and easy on-chip waveguiding. We de-
tect plasmons by positioning an SSPD in the near field of the
propagating plasmon (see Fig. 1d). We will prove the quan-
tum nature of plasmons by performing an antibunching exper-
iment. This opens the door for (quantum-) optics-on-a-chip
experiments.
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We demonstrate the operation of an integrated photon-
number resolving transition edge sensor (TES), operating in
the telecom band at 1550 nm, employing an evanescently
coupled design that allows the detector to be placed at ar-
bitrary locations within a planar optical circuit. This con-
cept eliminates the scalability problems associated with prob-
ing optical modes from the end facets of integrated circuits
when using fiber-coupled single photon detectors. The de-
vice consists of a UV-written silica waveguide and a tungsten
TES deposited onto the waveguide structure. The waveguide
structure used was written by use of a UV laser writing tech-
nique designed to alter the index of a Ge-doped silica core
layer, the underclad being a 17 pm layer of thermally grown
silicon oxide. No top cladding was fabricated, to maximize
the evanescent coupling to the TES. The planar core/cladding
layer refractive index contrast was 0.6 % with a core layer
thickness of 5.5 um. The UV-written channel had a Gaussian
index-profile with a contrast of 0.3 % and a width of about
5 pm. The TES dimensions were 25 ym x 25 ym x 40 nm
with wiring to the tungsten achieved using niobium. The TES
is photon-number-resolving, meaning the detector can distin-
guish the energy correlated to the absorption of not only a
single photon (click detector), but energy correlated to the
absorption of several photons. Figures 1 and 2 show the ex-
perimental results when detecting a pulsed coherent state with
mean photon number of about 1 and wavelength of 1550 nm.
Figure 1 shows the histogram of detected pulse heights for
the pulsed coherent input state. Clear separation of individ-
ual photon peaks is achieved and up to 5 photons are resolved
in the guided optical mode via absorption from the evanes-
cent field into the TES. Figue 2 shows raw output traces of
the evanescently coupled TES. The detection efficiency of a
photon that is in the waveguide is 7.2 4+ 0.5 %. The coupling
efficiency from our laser source into the waveguide structure
is 47.9 £ 5.2 %. The detection efficiency of these devices
can be improved by elongating the detector along the waveg-
uide structure to increase the absorption length. In addition,
multiplexing several TESs along the waveguide will further
increase the systems performance. Also, the waveguide core
thickness can be reduced to increase the mode overlap of the
guided mode with the detector. We are currently pursuing all
of these approaches and will present our progress in develop-
ing these detectors with higher system detection efficiency.
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Figure 1: Photon pulse height distribution for a measured co-
herent state with a mean photon number of about 1.
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Figure 2: Electrical TES output traces for different numbers
of photons in the weak laser pulse; the photon number resolv-
ing capability is clearly visible here
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The ability to send quantum information encoded into pho-
tons over large distances is hampered by unavoidable loss
in the communication channel. In classical communication,
this is alleviated by amplifying the information. However,
as described by the no-cloning theorem, this approach is not
viable for quantum information. Instead, long-distance quan-
tum communication relies on quantum-repeaters [1, 2], which
allow distributing entanglement over the entire channel by
means of entanglement swapping across subsections. To syn-
chronize this procedure in adjacent subsections, quantum re-
peaters must incorporate quantum memories [3] — devices
that allow storing (entangled) quantum states until needed.
Many different approaches to quantum state storage have
been proposed, and experimental progress during the past
few years has been fast. An interesting approach, which has
recently been shown to allow storage of entangled states of
light [4, 5], is based on atomic frequency combs (AFCs) and
a photon-echo-type light-atom interaction [6]. However, de-
spite a first proof-of-principle demonstration [7], recall on de-
mand remains a challenge for such AFC quantum memories.

In this talk we will show that storage and synchronized re-
emission of photons that arrive at different times can be re-
placed by storage of simultaneously arriving, frequency mul-
tiplexed photons and recall on demand in the frequency do-
main. Furthermore, employing a Tm-doped LiNbO3 waveg-
uide cooled to 4 K [5, 8], we will demonstrate such storage
with attenuated laser pulses at the few-photon level. This
removes one further obstacle to building quantum repeaters
using rare-earth-ion doped crystals as quantum memory de-
vices.
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Entangbling - Quantum correlations in room-temperature diamond
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We demonstrate entanglement between the vibrations of two
macroscopic, spatially-separated diamonds at room tempera-
ture by means of off-resonant Raman scattering of ultrashort
optical pulses and quantum erasure.

The familiar world of everyday objects has at its heart a
fitful, counter-intuitive microworld in which things may be in
two places at once and may be tied more closely than identical
twins. Yet, as Schrodinger noted in his famous cat gedanken
experiment, this is not something that seems to translate into
common experience in the normal world. Perhaps the most
enigmatic quantum phenomena are correlations, such as en-
tanglement, between separate entities underpin phenomena
that run counter to our classical intuition of usual macro-
scopic objects. Such correlations also provide an important
resource for quantum communication and quantum comput-
ing. Quantum correlations are not easy to produce under am-
bient laboratory conditions, especially in matter, since deco-
herence rapidly degrades the quantum states in which they
may be present. This is especially true for solid-state mate-
rials, where the coupling between elementary excitations and
other degrees of freedom is especially strong [1, 2] . Thus it
remains a challenge to harness quantum phenomena for ap-
plications using room-temperature solids.

In order to generate and observe quantum correlations in
solids, it is necessary to work rapidly and access material ex-
citations that have little chance of being excited by the en-
vironment. At room temperature, quantum effects degrade
rapidly in solids. Therefore working at very short timescales,
using very energetic material excitations, is key. Using such
an approach we have been able to show entanglement be-
tween the motion of two macroscopic, solid-state objects at
room temperature [3]. In particular, we entangles the optical
phonon modes of two pure, bulk samples of chemical-vapour-
deposition-grown diamond. This is achieved by means of Ra-
man scattering of ultrashort optical pulses, by which a phonon
is generated and detected [4], and quantum erasure of the ori-
gin of the corresponding scattered Stokes photon [5]. Detec-
tion of an anti-Stokes photon verifies the entanglement [6]
by reading-out the single phonon from the pair of diamonds.
Because the optical pulses are so brief (approx 100 fs dura-
tion), both write and read steps take place before the phonon
decoheres (which takes about 10 ps). This approach draws
quantum phenomena closer to the human scale and offering
a novel platform for studying macroscopic quantum phenom-
ena at ambient conditions. For applications in quantum infor-
mation processing, for instance optical phonons in diamond
may be useful in a chip-scale integrated diamond architecture

[7].
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Figure 1: Main: Set up for generating entanglement be-
tween two separate bulk diamonds. Orthogonally polarized
write and read pulses generate and probe a single phonon dis-
tributed across two diamonds by means of Raman scattering.
Inset: One of the diamonds compared to a S5p coin.
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A long lived AFC quantum memory in a rare earth doped crystal.
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Quantum communication provides a platform for provably
secure communications. The fact that a quantum state can-
not be copied is the reason why quantum communication is
secure but also limits the distance over which quantum com-
munication can be performed. This obstacle is overcome by
a quantum repeater scheme. An essential part of this scheme
is a quantum memory - where a photonic quantum state can
be stored and retrieved at a time determined after the storage
- a so called on demand memory [1].

A potential scheme for implementing such a memory is the
atomic frequency comb (AFC) [2]. The spectral separation
(A) of the teeth of a comb of atoms determine the storage
time of 1/A. A sample comb is shown in the state |g) in
figure 1. Recent results using this scheme include heralded
entanglement of two crystals. However this experiment and
its precursors did not involve an on demand read out or par-
ticularly long storage times (33 ns) [3].

A complete AFC scheme involves transferring the opti-
cal coherence to a spin coherence before the time 1/A has
elapsed. The time evolution of this scheme is shown in the
lower part of figure 1. To date such experiments have been
hampered by the inhomogeneous spin broadening of the ma-
terial, the longest times reported are of the order of 10 us [4].

Here we report storage times almost an order of magnitude
larger, using a '°'EuTY,SipO5 crystal. This is due to the
smaller inhomogeneous spin linewidth (y1g) of the material.
The decay of the echo which has been stored in the spin state
is shown in figure 2. The inhomogeneous spin broadening
does not cause a hard limit for the storage time in rare earth
doped crystals. It is known that RF refocussing pulses will in-
crease the storage time to the T of the spin transition [5]. The
T, of a "1 Eu?tY,Sis05 crystal has been mesured to be 15.5
ms [6]. The smaller inhomogeneous spin linewidth means
that less bandwidth is required of future refocussing pulses,
reducing the technical challenges of future experiments. Also
in future experiments, we aim to perform this experiment at a
single photon level.
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Figure 1: This figure shows a sample atomic system on which
a complete AFC scheme can be performed. The lower figure
shows the time evolution of an AFC scheme, as discussed in
the text.
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Figure 2: In this figure the decay of the spin stored echo is
shown for an AFC where 1/A = 5 us. The x axis shows the
total storage time. The decay is due to the inhomogeneous
spin linewidth, which is measured to be 8.43 4 0.19 kHz.
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Quantum Information Network based on NV Diamond Centers
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In recent years, NV centers in diamond has attracted signifi-
cant attention as a candidate for quantum information devices
showing promising quantum features such as easy manipula-
tion and a long coherent time. The negatively charged NV
center (NV-), in particular, has been intensely investigated
[1]. NV- centers host an electron spin qubit with several nu-
clear spins around the vacancies. The ground state of the
electron spin qubit has a long coherence time and an opti-
cal transition at 637nm, which can facilitate an interface be-
tween matter and optical qubits. The nuclear spins around the
vacancies may be considered as a long-lived quantum mem-
ory. The natural hyperfine coupling between the nuclear and
electron spins is an interface for the nuclear spin memory.
With these excellent quantum properties, NV centers have
been used to theoretically propose designs for quantum infor-
mation processing [2], while single photon emission and nu-
clear quantum memory [3] have been experimentally demon-
strated. However, the properties of NV- centers are not al-
ways ideal, for instance the electron spins are not naturally
qubits as they are in fact a spin—1 system and also the optical
transition is not in the telecom band. Despite such disadvan-
tages pure diamond has a simple structure, a vast transparency
band ranging from the ultraviolet (220 nm) to the microwave
regime and has a large number of different impurities. Hence
we could expect that there properties can be improved with
other impurities, while the well-characterized nature of NV-
centers can be exploited to demonstrate to a scalable device
for quantum information processing.

In this talk, we propose a hybrid quantum information de-
vice (depicted in Fig 1) based on a NV- center embedded in
an optical cavity and illustrate its use for quantum commu-
nication. Our model has experimental advantages, and en-
capsulates the important physics intrinsic to these types of
devices. Here the electron spin qubit is an interface between
light and matter qubits, and the nuclear spin coupled with the
electron spin at the NV center can be used as a long-lived
quantum memory. A single photon comes from the left of the
cavity in the figure and is conditionally reflected or transmit-
ted dependent on the state of the electron spin qubit. After
this interaction, the single photon and electron spin qubit are
entangled, giving a valuable resource for quantum informa-
tion processing. The optical part is responsible for creating
entanglement between remote devices. With this distributed
nature, the hybrid device alone allows us to construct an effi-
cient quantum information network. The generated entangle-
ment will be transferred to the electron spin qubit in different
cavities by linear-optical gate processing. The entanglement
can be stored on the nuclear spin via the electron-nuclear spin
coupling. The last two processes can be swapped depending
on the applications. For instance, if optical quantum signal
needs to travel a long distance, the storage process needs to
be done first. The nuclear-spin memory enable us to store

entangled states, of which properties can be tailored by the
system protocols run on each NV center. For long distance
communication, the entangled pairs will be used to run quan-
tum repeater protocols. Furthermore, the entanglement can
be stored in order to create a 3D-cluster state, which is the
resource for measurement based topological computation.

Single Photon

Figure 1: Schematic representation of an NV center based
cavity device. The input light will be either transmitted or
reflected dependent on the state of the electron spin qubit.

This model has a clear advantage by being a hybrid sys-
tem of both light and matter. The single photons can travel
long distance with low decoherence, and so a system made
of many of this devices can distribute quantum information
over long distances. The hybrid and distributed nature of this
model also gives us the flexibility to merge quantum com-
munication and computation, which is an ideal fundamental
building block for quantum information networks. Photon
loss can however be a concern, but by utilizing the nature of
both cluster states and coupling between nuclear and electron
spins, we can develop a protocol to maintain quantum coher-
ence of the states stored in nuclear spin. Even when the natu-
ral coupling is always on, we can tolerant photon loss at high
rate by compensating for photon loss at the expense of the
clock speed of the quantum information system. The second
advantage of this model is in its implementation. Several of
the physical processes in the device have been already been
experimentally demonstrated. Although more experimental
efforts are necessary, the calculated physical requirements are
feasible. One of the advantages of this scheme in comparison
to existing schemes is that unlike emitter based schemes, our
model avoids excitation of the electron spin qubit. This in
turn reduces catastrophic errors and significantly simplifies
any error behavior. Finally, the most important aspect of this
device is its scalability. The device structure is closed and
has a module nature. We will sketch out in this talk a scalable
architecture for this device, and demonstrate its scalability.

References

[1] Michael Trupke et.al, Progress in informatics, No.8, pp.
33-37,(2011), and also see the references in this article.

[2] N. Y. Yao et.al, Phys. Rev. Lett. 106, 040505, (2010).
[3] E. Togan et.al, Nature (London) 466, 730 (2010).

THU-11



QCMCy:,

Vienna, Austria

88

Hybrid quantum information processing
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There are two types of schemes for quantum information pro-
cessing (QIP). One is based on qubits, and the other is based
on continuous variables (CVs). When we make an optical
QIP, both of them have advantages and disadvantages. In the
case of qubits, although the fidelity of operations is very high,
the experiments presented so far are mostly based on post-
selection because of low quantum efficiencies of creation and
detection of single-photon-based qubits. On the other hand,
CV QIP is deterministic with high-quantum-efficiency ho-
modyme measurements, however, the fidelity of operations
is not so high because perfect fidelity needs infinite energy.

In order to combine advantages of both schemes, “hybrid”
approach is proposed [1] . One example is qubit teleporta-
tion with a CV teleporter [2, 3]. The big advantage of the
hybrid scheme is determinism coming from CV teleportation
[4], which enables us full Bell measurements at sender Al-
ice. However, the experimental realization was too demand-
ing when the proposal was made in early 2000’s.

There were a couple of difficulties for the realization. First,
we need very high level of squeezing for resource entangle-
ment to teleport photonic qubits, which are highly nonclassi-
cal states. The world record of squeezing at that time was 6dB
[5] and it was not enough for such teleportation. We tried to
find a new nonlinear crystal to make highly squeezing and fi-
nally got 9dB of squeezing with periodically poled KTiOPO4
[6], which is enough for the CV teleportation. Note that now
the world record is 11.7dB with the same nonlinear crystal,
realized by Hannover’s group [7].

Second, since we have to use a photon-counting device
like an avalanche photo diode to create single-photon-based
qubits, the state inevitably becomes a wave packet, i.e., a
pulse, which has a broad bandwidth in frequency domain.
Conventional CV teleporters work upon the single mode pic-
ture that means they only work upon a narrow band [4].
Therefore we could not teleport a wave packet by using a con-
ventional setup of CV teleporters. In order to break through
such difficulty, we tried to broaden the bandwidth of CV tele-
porters. We first broadened the bandwidth of entanglement
[8] and then teleported highly nonclassical wave packets of
light with the broadband and high level of entanglement [9].
So it is ready for the hybrid teleportation.

Although the proposals of qubit teleportation with a CV
teleporter handle polarized single photons, i.e., polarization
qubits [2, 3], we are now trying to use time-bin qubits, which
is superposition of a single photon in two temporal bins;
¢o|1,0)+¢1|0,1). The reason why we use the time-bin qubits
is that we can teleport them with a single CV teleporter, while
we need two CV teleporters for polarization qubits. Figs. 1
and 2 show our experimental setup for creation of time-bin
qubits and an example of density matrix of the qubit, respec-
tively [10]. Here, the time-bin qubits are characterized with
dual-homodyne measurements and it follows that the qubits
are compatible with a CV teleporter, which relies on homo-

dyne measurements. We are now trying to teleport them with
the same teleporter for highly nonclassical wave packets of
light [9].

On top of the experiment, we are pursuing the possibility
of hybrid QIP, especially of teleportation-based one. As an
example, we have succeeded in squeezing a single photon by
using a teleportation-based squeezer, which is a typical CV

QIP.

Time-bin
qubit

Signal

Photon

Dual-homodyne
detection

measurement

Figure 1: Experimental setup for creation of time-bin qubits.

Real part
A

Imaginary part
P

Figure 2: Density matrix of

(]1,0) —10,1))/v/2 [10].

the created time-bin qubit
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Various strategies have been devised for circumventing naive
quantum limits on the detection of a classical force acting on
a linear system. These strategies are variously described as
measuring a quantum nondemolition (QND) observable [1, 2,
3], employing back-action evasion (BAE) [1, 2, 3], or using
quantum noise cancellation (QNC) [4, 5]. Recently these var-
ious strategies have been unified underneath a new umbrella,
called a quantum-mechanics-free subspace (QMFES) [6]. In
a QMES, a set of positions and momenta, all of which com-
mute, can undergo arbitrary dynamics, without any quantum
noise; if observables in the QMFS are measured, all of the
quantum back action is diverted onto conjugate positions and
momenta, whose dynamics does not feed back onto the ob-
servables of the QMFS.

The simplest example of a QMFS is that of a quadrature
component corresponding to the blue and red sidebands of
a carrier frequency. This simplest QMFS is exploited in
the broadband squeezed light that has been developed for
and recently used in interferometric gravitational-wave de-
tectors [7] and is the basis of a magnetometry experiment
that evades back action by using two entangled atomic en-
sembles [8].

I will give a very brief introduction to QMFSs. Depending
on what other talks are being given at QCMC, I will either
proceed to a more detailed discussion of QMFESs, reporting on
work carried out with M. Tsang, or I will segue to a discussion
of quantum limits on noise in linear amplifiers.

Phase-sensitive linear amplifiers, which need not add noise
to a signal [9], can be thought of as amplifying a sig-
nal encoded in the simple QMFS discussed above. Phase-
preserving linear amplifiers, by contrast, amplify a signal en-
coded in a bosonic mode and thus are constrained by uni-
tarity to add noise [9]. The standard, by now highly de-
veloped, discussion of quantum limits on phase-preserving
linear amplifiers [9, 10] characterizes amplifier noise perfor-
mance in terms of second moments of the added noise, i.e., in
terms of noise temperature or noise power. The approach of
Josephson-effect linear amplifiers to the fundamental quan-
tum limit on noise temperature [11, 12] and the need to char-
acterize quantum-limited experiments at microwave frequen-
cies [13] has sparked renewed interest in low-noise linear am-
plifiers.

J. Combes, Z. Jiang, S. Pandey, and I have generalized the
standard discussion to provide a complete characterization of
the quantum-mechanical restrictions on the entire probability
distribution of added noise. For a single-mode amplifier, one
can show that, no matter how the amplifier is actually con-
structed, the added noise is characterized by the Wigner func-
tion of an ancillary mode that undergoes a two-mode squeez-
ing interaction with the amplified mode. I will discuss this
result, the methods used to prove it, bounds it places on mo-
ments of the added noise, and generalizations to more com-

plicated scenarios.
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There are many methods for quantum state tomography (e.g.,
linear inversion, maximum likelihood, Bayesian mean...).
But none of them is clearly “the most accurate” for data of
finite size N. Even the upper limits on accuracy are as yet
unknown, which makes it difficult to say that a given method
is “accurate enough”. We address this problem here by (i)
calculating the minimum achievable error for single-qubit to-
mography with NV Pauli measurements, (ii) finding minimax
estimators that achieve this bound, and (iii) comparing the
performance of known estimators.

Quantum tomography (used to characterize the state or pro-
cess produced in an experiment) proceeds in two steps: (1)
measuring identically prepared systems in different bases to
collect data D; and (2) approximating the state p by plugging
the data into an estimator /(D). The estimator should (must)
be accurate — i.e., have low expected error (or risk) for all
true states. Some popular estimators (e.g. linear inversion, or
maximum likelihood) have no provable accuracy properties
for finite V. Others (Bayesian mean estimation) are provably
optimal only on average over a particular ensemble of input
states — which isn’t particularly helpful, since device states in
the laboratory are not selected at random.

Instead, estimators can be ranked by their worst-case risk —
the maximum, over all p, of the expected error. The best-
performing estimator by this metric is called the minimax
estimator. Different error metrics (e.g., fidelity, trace-norm,
etc.) yield different minimax estimators; here we focus on
relative entropy error (the canonical choice in classical pre-
dictive estimation and machine learning). The minimax es-
timators for quantum tomography are strange, unwieldy, and
impractical (see below), but they serve as a critical bench-
mark: a tomography algorithm is “good enough” inasmuch
as its risk is close to that of the minimax estimator.

RESULTS: Our research produced four main results. (1)
We constructed minimax estimators for reconstructing single-
qubit states from N = 2...128 measurements of the Pauli
operators (0., 0y, 0;), used them to get absolute lower
bounds on achievable risk (Fig. 1a), and found that risk scales
as N—1/2 (for classical probabilities, risk scales as N~1).
(2) We compared the performance of minimax estimators to
Bayesian mean estimation with a “flat” Hilbert-Schmidt prior,
and hedged maximum likelihood (Fig. 1a). (3) We studied
minimax estimators’ state-dependent performance (“risk pro-
file”; Fig. 1b) and the their associated least favorable priors
(Fig. 1b, and see below). (4) We reproduced most features of
quantum tomography, including N~/ risk scaling, within a
simple model called the “noisy coin”.

DISCUSSION: The minimax estimator (optimal worst-case
risk) is also the Bayes estimator (optimal average risk) for
some distribution known as the least favorable prior (LFP).
We constructed minimax estimators by numerical optimiza-
tion over priors, and found that LFPs are always discrete

(Fig. 1b). This seems peculiar (if not insane), but using Monte
Carlo sampling to find priors that are almost least favorable
(Fig. 1b, small grey dots), showed that risk is relatively insen-
sitive to fine details of the prior. So there are smooth priors
that are almost least favorable. We also studied Bayes estima-
tion with the simple and popular Hilbert-Schmidt prior, and
found it significantly less accurate than minimax (Fig. 1a). A
simple heuristic called hedged maximum likelihood' comes
much closer to optimal accuracy for large N (Fig. 1a).
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—e— Qubit Minimax (Monte Carlo algorithm)
—h— Qubit Hilbert-Schmidt prior Bayesian mean
—l— Hedged maximum likelihood (B= 0.05)
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Figure 1: TOP: Minimax risk (worst-case expected error of
the best possible estimator) for Pauli-measurement tomogra-
phy on rebits and qubits, vs. the number of times each Pauli
was measured (/V). A deterministic algorithm (large black
dots) provides tight error bounds, but Monte Carlo sampling
(smaller grey dots) is far more efficient and nearly as accurate.
Standard methods are also shown; Bayesian mean estimation
with a Hilbert-Schmidt prior is outperformed by hedged max-
imum likelihood. BOTTOM: The minimax estimator’s risk
profile R(p) for N = 16 Pauli measurements on a rebit. Dots
indicate support points of the least favorable prior (LFP) as
found by near-exact (black) and Monte Carlo (grey) algo-
rithms. Although the two priors appear quite different, they
have near-identical risk profiles (1% at most).

! Un-hedged MLE has infinite risk because it reports rank-deficient states.
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Simultaneous Wavelength Translation and Amplitude Modulation of Single Pho-

tons from a Quantum Dot

Matthew T. Rakher'*?, Lijun Ma?, Marcelo Davanco?, Oliver Slattery?, Xiao Tang?, and Kartik Srinivasan®

L Universitiit Basel, Basel, Switzerland

2National Institute of Standards and Technology, Gaithersburg, United States

The integration and coupling of disparate quantum systems
is an ongoing effort towards the development of distributed
quantum networks [1]. Impediments to hybrid schemes
which use photons for coupling are the differences in tran-
sition frequencies and linewidths among different systems.
Here, we use pulsed frequency upconversion to simultane-
ously change both the frequency and temporal amplitude pro-
file of single photons produced by a semiconductor quantum
dot (QD). Triggered single photons that have an exponentially
decaying temporal profile with a time constant of 1.5 ns and a
wavelength of 1300 nm are converted to photons that have a
Gaussian temporal profile with a full-width at half-maximum
(FWHM) as narrow as 350 ps and a wavelength of 710 nm.
Photon antibunching measurements explicitly confirm that
the quantum nature of the single photon stream is preserved.
We anticipate that this combination of wavepacket manipu-
lation and quantum frequency conversion will be valuable in
integrating quantum dots with quantum memories [2].

We generate single photons at 1.3 pm from a single InAs
QD embedded in a GaAs mesa. Pulsed excitation at 780
nm is introduced via single mode optical fiber into a liquid
He flow cryostat at ~7 K. There, the fiber’s diameter is adi-
abatically reduced to ~1 pum to form a fiber taper waveg-
uide, which efficiently excites and collects photolumines-
cence (PL) from the QD. The PL from an excitonic transition
is directed into the upconversion setup where it is combined
with a strong 1550 nm pulse in a periodically-poled LiNbO3
(PPLN) waveguide (Fig. 1(a)). The pulse is created by a tun-
able laser with an electro-optic modulator (EOM) that seeds
an erbium-doped fiber amplifier. An electrical pulse gener-
ator drives the EOM synchronously with the 780 nm QD
excitation laser, but at half the repetition rate. It generates
pulses with controllable FWHM (7y,,04) and delay (AT},04)-
The strong 1550 nm pulse (= 100 uW average power) in-
teracts with the QD single photon via quasi-phase-matched
sum frequency generation in the PPLN waveguide. Light ex-
iting the PPLN is spectrally filtered to remove background
from the excitation and the pump laser. The 710 nm photons
are detected by a Si single photon counting avalanche detec-
tor (SPAD) for time-resolved measurements, or are split at a
50:50 beamsplitter and detected by two Si SPADs for second-
order correlation measurement (g(® (7)).

We measure ¢ () for photons that are upconverted us-
ing 500 ps pump pulses (Fig. 1(b)). The result is clearly
antibunched with ¢(®)(0) < 0.5, showing that the signal is
dominantly composed of single photons. The non-zero value
is mostly due to unwanted photons resulting from upconver-
sion of anti-Stokes Raman photons from the strong 1550 nm
beam [3]. Next, we perform time-resolved measurements of
the 710 nm photons. Here, the pulsed 1550 nm pump not only
upconverts the QD photon to 710 nm, but also modulates its
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Figure 1: a) Schematic of experiment. b) g(2>(7) measure-
ment. ¢) Temporal amplitude profile after upconversion. d)
Amplitude profiles as AT}, ,q is varied.

temporal amplitude profile. Figure 1(c) displays the temporal
amplitude profile of 710 nm single photons generated using a
1550 nm pulse with 7,,,,¢4 = 260 ps, along with that of single
photons generated with a CW pump for comparison.

We also step the delay AT, ,q between the 1550 nm pulse
and 1300 nm QD single photon from 0.0 ns to 3.5 ns in steps
of 500 ps with 7,,,¢4 = 260 ps as shown in Fig. 1(d). The
heights of the pulsed profiles nicely follow the exponential
decay of the CW profile. This clearly indicates that, while
the quantum nature of the photon has been inherited from the
QD emission near 1300 nm, its temporal profile has been in-
herited from the strong pump pulse near 1550 nm. This is a
direct consequence of the nonlinear nature of the upconver-
sion process.

In summary, we have demonstrated quantum frequency up-
conversion of QD-generated single photons with a pulsed
pump [4]. We showed that, while the upconverted photons
have the same photon statistics as the original photons, the
temporal amplitude profile is changed to match that of the
classical pump. We measure Gaussian-shaped single photon
profiles with FWHMSs as narrow as 350 ps, limited by the
electrical pulse generator. Such methods may prove valuable
for integrating disparate quantum systems and for achieving
high resolution in time-resolved experiments.
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Quantum Atom Optics - single and two mode squeezing with Bose Einstein con-

densates
Markus Oberthaler’
YKirchhoff-Institute for Physics, Heidelberg, Germany

In recent years a significant step forward in the direction
of quantum atom optics has been undertaken. Especially
Bose Einstein condensed atomic gases prove as a versatile
experimental system which allows to probe and explore new
regimes of quantum optics. This is mainly due to the high
level of control of particle number as well as interaction. In
this presentation we will report on the first implementation
of atomic homodyning which allows for the detection of two
mode entanglement generated in the process of spin changing
collision - the physics is directly connected to the parametric
down conversion known in the field of optics. Furthermore
we will report on a novel way of dynamically generating spin
squeezing atomic states by preparing an atomic sample at a
classical unstable fixed point.
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Relaxation and Pre-thermalization in an Isolated Quantum System

Tim Langen', Michael Gring', Maximilian Kuhnert'!, Bernhard Rauer’, Remi Geiger', Igor Mazets', David A. Smith', Takuya

Kitagawa®, Eugene Demler?, Jorg Schmiedmayer'

Vienna Center for Quantum Science and Technology, Atominstitut, TU Wien, Stadionallee 2, 1020 Vienna, Austria
2Harvard-MIT Center for Ultracold Atoms, Department of Physics, Harvard University, Cambridge, Massachusetts 02138, USA

Understanding relaxation processes is an important unsolved
problem in many areas of physics, ranging from cosmology
to high-energy physics to condensed matter. These problems
remain a challenge despite considerable theoretical and
experimental efforts, and their difficulty is exacerbated by
the scarcity of experimental tools for characterizing complex
transient states. One scenario is that the relaxation process
is governed by a single timescale during which all degrees
of freedom approach equilibrium. An intriguing alternative
phenomenon that has has been first suggested in the context
of high-energy heavy ion collisions is pre-thermalization [1].
It predicts the rapid establishment of a quasi-stationary state
that differs from the real thermal equilibrium of the system.
In this context, systems of ultracold atoms provide unique
opportunities for studying non-equilibrium phenomena in
isolated quantum systems due to their perfect isolation from
the environment and relaxation timescales that are easily
accessible in experiments.

We employ measurements [2] of full quantum mechani-
cal probability distributions of matter-wave interference con-
trast to study the relaxation dynamics of a coherently split
1d Bose gas and obtain unprecedented information about the
dynamical states of the system. The evolution of the distri-
butions clearly reveals the multi-mode nature inherent to 1d
Bose gases and is in very good agreement with a theoretical
description based on the Tomonaga-Luttinger liquid formal-
ism [3, 4]. Following an initial rapid evolution, we observe
the approach towards a thermal-like steady state character-
ized by an effective temperature that is independent from the
initial equilibrium temperature of the system before the split-
ting process. Furthermore, this steady state retains a strong
memory of the initial non-equilibrium state. We conjecture
that it can be described through a generalized Gibbs ensem-
ble and associate it with pre-thermalization.
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Figure 1: Experimental scheme. (a) An initial phase fluc-
tuating 1d Bose gas is split into two uncoupled gases with
almost identical phase distributions ¢ (z) and ¢2(2) (repre-
sented by the black solid lines) and allowed to evolve for a
time t.. (b) At t. = Oms, fluctuations in the local phase dif-
ference A¢(z) between the two gases are very small, but start
to randomize during the evolution. It is an open question if
and how this randomization leads to the thermal equilibrium
situation of completely uncorrelated gases. (c) shows typi-
cal experimental matter-wave interference patterns obtained
by overlapping the two gases in time-of-flight after different
evolution times. Differences in the local relative phase lead
to a locally displaced interference pattern. Integrated over a
length L, the contrast C'(L) in these interference patterns is
a direct measure of the strength of the relative phase fluctua-
tions and therefore allows to directly probe the dynamics .
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Figure 2: Revealing the presence of a pre-thermalized
state. (a) Experimental non-equilibrium distributions (his-
tograms) of the matterwave interference contrast after an evo-
lution time of ¢, = 27 ms. The solid red lines show theoreti-
cal equilibrium distributions with an effective temperature of
14 nK, which is significantly lower than the true initial tem-
perature of the gas (120 nK). The pre-thermalized nature of
the state is clearly revealed by comparing to the vastly dif-
ferent true thermal equilibrium situation shown in (b), which
can be prepared by creating two completely independent 1d
Bose gases.
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Error-disturbance uncertainty relation studied in successive spin-measurements

Jacqueline Erhart', Stephan Sponar’, Georg Sulyok', Gerald Badurek', Masanao Ozawa® and Yuji Hasegawa'
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The uncertainty relation was first proposed by Heisen-
berg in 1927 as a limitation of simultaneous measurements
of canonically conjugate variables owing to the back-action
of the measurement[1]: the measurement of the position Q
of the electron with the error €(Q), or ’the mean error’, in-
evitably induces the disturbance 7(P), or ’the discontinuous
change’, of the momentum P so that Heisenberg insisted that
they always satisfy the relation

e(@)n(P) ~ 3.

5 M

Afterwards, Robertson derived another form of uncertainty
relation for standard deviations o(A) and o(B) for arbitrary
pairs of observables A and B as

o(A)o(B) > J|(wl[A, B]lv)]. @
This relation has a mathematical basis, but has no immediate
implications for limitations on measurements. The proof of
the reciprocal relation for the error ¢(A) of an A measure-
ment and the disturbance 7)(B) on observable B caused by
the measurement is not straightforward. Recently, rigorous
and general theoretical treatments of quantum measurements
have revealed the failure of Heisenberg’s relation (eq.1), and
derived a new universally valid relation [2, 3] given by

e(A)n(B)+e(A)a(B)+a(A)n(B) = %I(d)l[A, Blly)l- 3)

Here, the error ¢(A) is defined as the root mean squared
(rm.s.) of the difference between the output operator O 4
actually measured and the observable A to be measured,
whereas the disturbance 7(B) is defined as the r.m.s. of the
change in observable B during the measurement.
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Figure 1: Neutron optical test of error-disturbance uncertainty
relation.

We have experimentally tested the universally valid error-
disturbance relation (eq.3) for neutron spin measurements [4].
Experimental setup is depicted in Fig.1. We determined ex-
perimentally the values of error ¢(A) and the disturbance
n(B). A trade-off relation between error and disturbance was
clearly observed, which is plotted in Fig.2.
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Figure 2: Trade-off relation between error and disturbance.

From the experimentally determined values of error €(A),
disturbance 7(B), and the standard deviations, o(A) and
o(B), the Heisenberg error-disturbance product e(A)n(B)
and the universally valid expression, that is, the left-hand side
of eq.3, are plotted in Fig.3. This figure clearly illustrates
the fact that the Heisenberg product is always below the (ex-
pected) limit and that the universally valid expression is al-
ways larger than the limit in our experiment. This demon-
stration is the first evidence for the validity of the new re-
lation (eq.3) and the failure of the old naive relation is il-
lustrated. This experiment confirms the solution of a long-
standing problem of describing the relation between measure-
ment accuracy and disturbance and sheds light on fundamen-
tal limitations of quantum measurements.
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Figure 3: Experimentally determined values of the Heisen-
berg product and the three-term sum (eq.3).
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Quantum Money with Classical Verification

Dmitry Gavinsky
NEC Laboratories America, Princeton, U.S.A.

We propose and construct a quantum money scheme that
allows verification through classical communication with
a bank, this gives the first demonstration that a secure
quantum money scheme exists that does not require quan-
tum communication for coin verification.

Our scheme is secure against adaptive adversaries — this
property is not directly related to the possibility of classi-
cal verification, nevertheless none of the earlier quantum
money constructions is known to possess it.

In 1983 Wiesner [Wie83] proposed a new quantum cryp-
tographic scheme, that later became known as quantum
money. Informally, a quantum coin is a unique object that
can be created by a trusted bank, then circulated among
untrusted holders. A holder of a coin should be able to
verify it, and the verification must confirm that the coin
is authentic if it has been circulated according to the pre-
scribed rules. On the other hand, if a holder attempts to
counterfeit a coin, that is, to create several objects such
that each of them would pass verification, he must fail in
doing so with overwhelmingly high probability.

Wiesner demonstrated that quantum mechanics (as op-
posed to classical physics) allowed money schemes. The
basic principle that made such constructions possible was
that of quantum uncertainty, stating that there were prop-
erties of a quantum object known to its “manufacturer”
that couldn’t be learnt by an observer who measured the
object. It turned out that some of such properties could be
later “verified” by the manufacturer; accordingly, a bank
could prepare objects with this type of “secret properties”,
letting the holders use them as quantum coins. Not know-
ing the secrets, untrusted holders were not able to forge
counterfeits.

In Wiesner’s original construction [Wie83, BBBWS83],
a coin had to be sent back to the bank in order to
get verified. This could be viewed as a possible draw-
back: a coin might get “stolen”, or intentionally “ru-
ined” by an adversary who had access to the communi-
cation channel between a coin holder and the bank. This
problem has been addressed in a number of works (cf.
[TOI03, Aar09, LAF*10, FGH* 10, MS10, AC12]), but
no satisfactory solution has been found yet.

Relatively recently another limitation of all previously
known quantum money schemes has been noticed [Aar09,
Lut10]: An adversary can gain more power from interact-
ing with the bank adaptively. Prior to our work, no quan-
tum money scheme was know to be resistant to adaptive
attacks.

Our results

In [Gav12] we are proposing to use classical communica-
tion with a bank in order to verify a quantum coin. We
construct such a scheme. This demonstrates, for the first
time, that a secure quantum money scheme exists that does
not require quantum communication for coin verification.

Some advantages of our construction over the previ-
ously known ones are:

e Unlike the original scheme of Wiesner and the con-
structions in [MS10], our construction does not re-
quire quantum communication with a bank in order
to verify a coin.

e We prove that our scheme is (unconditionally) se-
cure. Security arguments for schemes with local ver-
ification (as proposed in [Aar09, LAFT10, FGH™ 10,
AC12]) require either unproved hardness assump-
tions or a major mathematical breakthrough (com-
plexity lower bounds). Moreover, to the best of our
knowledge, no such scheme has been shown to be
secure under so-called “widely believed” unproved
assumptions.

e Unlike the schemes with local verification, our con-
struction remains secure against computationally un-
limited adversary who obeys the laws of quantum
mechanics.

Besides offering possible practical advantages, the con-
cept of quantum money with classical verification gives
rise to natural and attractive theoretical questions.

Another advantage of our construction is not directly
related to the possibility of quantum verification:

e Our scheme remains secure against an adversary who
uses adaptive multi-round attacks; no such scheme
was known before.

This work was published as

D. Gavinsky. Quantum Money with Classical Verifi-
cation. Proceedings of the 27th IEEE Conference on
Computational Complexity, 2012.

A full version of the paper can be found on the author’s
Internet page.
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Laser damage of photodiodes helps the eavesdropper

Audun Nystad Bugge!, Sebastien Sauge?, Aina Mardhiyah M. Ghazali®, Johannes Skaar''?, Lars Lydersen? and
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Quantum key distribution, although secure in principle,
suffers from discrepancies between the simplified model of
apparatus used in its security proof, and the actual hardware
being used. Often, such discrepancies can be exploited by an
eavesdropper to steal the secret key.

One of the assumptions about the apparatus made in the
security proof is that the eavesdropper, in general, cannot ar-
bitrarily and permanently change the characteristics of the le-
gitimate parties’ apparatus. Here we disprove this assumption
experimentally, by permanently damaging and thus changing
the photonic and electrical characteristics of silicon avalanche
photodiodes using high-power illumination. Such one-time
change can open the quantum key distribution system to
eavesdropping.

We exposed PerkinElmer C30902SH silicon avalanche
photodiodes to a focused 807 nm continuous-wave laser ra-
diation at a range of powers up to 3 W [1]. The photo-
diodes were characterized between exposures. After about
1 W power, the photodiodes permanently developed a large
dark current, which made them blind to single photons in
a passively-quenched detector scheme, yet deterministically
controllable by bright light pulses, allowing eavesdropping
[2]. Above 1.7 W power exposure, the photodiodes lost
photosensitivity and became electrically either a resistor or
an open circuit, accompanied by visible structural changes
(Fig. 1).

This attack immediately applies to quantum key distibu-
tion schemes operating over a free-space channel. Future
studies should investigate laser damage to actively-quenched
avalanche photodetectors, optical scheme components other
than photodiodes, various fibre-optic components, as well as
contermeasures to this new class of attacks.

References
[17 A.N.Bugge, S. Sauge, A. M. M. Ghazali, J. Skaar, L. Ly-
dersen and V. Makarov, unpublished.

[2] I. Gerhardt, Q. Liu, A. Lamas-Linares, J. Skaar, C. Kurt-
siefer and V. Makarov, Nat. Commun. 2, 349 (2011).

(b)

Figure 1: Microscope images of PerkinElmer C30902SH
avalanche photodiode. (a) undamaged photodiode (bright
field illumination). (b) photodiode after exposure to 3 W fo-
cused light for 60 s. A hole melted through the chip in the
center, and the gold electrode melted (photodiode sample dif-
ferent from image (a); dark field illumination).
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Self-testing quantum cryptography
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Device-independent quantum key distribution (QKD) al-
lows the users (traditionally called Alice and Bob) to gen-
erate provably secure cryptographic keys as long as the ob-
served statistics violate a Bell’s inequality. In other words,
full knowledge of the devices is not required for the security.
However, if one considers a lossy channel, then the problem
of detection loophole problem arises. More specifically, the
global detection efficiency (the probability that Bob receives
a valid output given that Alice sends something) must be suf-
ficiently high, otherwise provably secure device-independent
QKD is not possible. Note that the feasibility of device-
independent QKD is still limited by the channel loss (at most
~ 4km), even if one trusts the classical devices, e.g., efficien-
cies of the detectors are characterized. The main reason for
this impasse lies in the configuration of device-independent
QKD: Alice and Bob have to perform a Bell test across com-
munication distances. Clearly, we have reached a situation
whereby trusting the efficiencies of the detectors is still not
enough.

In this work, we propose and provide the security proof
(including the finite key analysis [1]) for a self-testing QKD
protocol that allows Alice and Bob to perform Bell tests lo-
cally. The protocol consists of two parts: (1) certification of
prepared states [2] and (2) key generation engine [3, 4]. In
the following, we briefly explain the operations.

Certification of prepared states.— Alice and Bob each hold
a self-testing source, a device that is supposed to produce
BB&84 states: it internally outputs an entangled bipartite state
and the user can choose to perform either the CHSH test on it
or to measure one half in either the Z or X basis, and send the
other half on the quantum channel. By randomly sampling
some bipartite states for the CHSH test, the user can estimate
the quality of the preparation process. For instance, if the user
observes a CHSH violation of 2/2, then the preparation pro-
cess necessarily correspond to the correct BB84 preparation.
We note that the devices in the self-testing source setup are
arbitrary and only the knowledge of the CHSH violation is
required for the assessment of the prepared states.

Key generation engine.—The prepared states from Alice
and Bob are sent to an untrusted central station (ideally, per-
forms a Bell state measurement) which outputs a flag (pass or
fail). Conditioned on the passing events, Alice and Bob pub-

{pass, fail}
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Figure 1: Self-testing QKD configuration.

licly announce their basis choice and identify two sets of data
Z and X which correspond to the sifted data in the bases Z
and X, respectively. For the unsuccessful events, they discard

the data. Let basis Z be the key generation basis, then with
the generalized entropic uncertainty relation [5] and the con-
nection to the observed CHSH value, one can show that the
secret key rate (in the asymptotic limit) is

R =1—logQ(max{Sa,Sp}) — 2h(d) (1)

where 2 :  — 1 4+ 2+/8 — 2?2 /4 and h is the binary entropy
function. The parameters S4 and Sp are the observed CHSH
violations for Alice and Bob, respectively. For simplicity, we
let the error rate in (1) be identical, i.e., 67 = dx = 0.
Comparison to device-independent QKD.— We also com-
pare the asymptotic performances of self-testing QKD and
device-independent QKD [6]. The quantum channel is as-
sumed to be a depolarizing channel parameterized by the er-
ror rate ¢ and the local CHSH violations are assumed to be
identical. From Figure 2, we note that for high local CHSH
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Figure 2: Comparison against [6], assuming that the quantum
channel is a depolarizing channel with an error rate ¢.

violations, the key rates of self-testing QKD are better. Most
importantly, self-testing QKD is not limited by the channel
loss and can be used for large communication distances.
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Surface plasmon polaritons (SPPs) are highly confined elec-
tromagnetic excitations coupled to electron charge density
waves propagating along a metal-dielectric interface. Sig-
nificant effort is currently being devoted to the study of
their unique light-matter properties and to their use in op-
toelectronic devices exhibiting sub-wavelength field confine-
ment [1]. Most recently there has been a growing excitement
among researchers about the prospects for building plasmonic
devices that operate faithfully at the quantum level. The main
hindrance to the use of SPPs in practical devices is, however,
their lossy character. Still, recent work has shown that SPPs
can maintain certain quantum properties of their exciting pho-
ton field. Despite the progress made in using quantum op-
tical techniques to study plasmonic systems, adapting them
to realistic structures will require a much more detailed un-
derstanding of the quantum properties of SPPs when loss is
present. This is an important area so far lacking an in-depth
study. Understanding how loss affects the quantum behavior
of SPPs may open up a route toward the realistic design and
fabrication of nanophotonic plasmon circuits for quantum in-
formation processing.

I will review the emerging field of quantum plasmonics,
looking at what it offers beyond conventional quantum pho-
tonic systems and highlight a recent experimental charac-
terization of the effects of loss on the quantum statistics of
waveguided SPPs [2]. Here, using single photons produced

(a) ib)

Figure 1: Experimental configuration. (a) Scanning electron
microscope image of a selection of waveguides. (b) Funda-
mental SPP mode in our stripe waveguide — electric field pro-
file along the cross section of the waveguide calculated using
the FEM. (c) Schematic of the experimental setup including
single-photon source, waveguide probing and final analysis.

Figure 2: Metallic stripe waveguide injected with single pho-
tons for characterizing the effects of loss on the quantum
statistics of surface plasmon polaritons. Inset: g2 (7).

by type-I parametric down conversion [3], quanta of SPPs
are excited in thin metallic stripe waveguides, one of the fun-
damental building blocks for plasmonic circuits [4, 5, 6], as
shown in Figure 1. The second-order quantum coherence,
g (1), is measured (see Figure 2), and Fock state popula-
tions and mean excitation count rates for a range of differ-
ent waveguide lengths are also investigated. The mean ex-
citation rate is found to follow the classical intensity rate as
the waveguide length increases, but the second-order quan-
tum coherence remains markedly different from that expected
in the classical regime. The dependence is found to be con-
sistent with a linear uncorrelated Markovian environment [6].
This study complements well and goes beyond previous stud-
ies looking into the preservation of entanglement via localised
plasmons [7] and nonclassicality via long-range surface plas-
mons [8], where elements of plasmon loss were considered.

These results provide important information about the ef-
fect of loss for assessing the realistic potential of building
plasmonic waveguides for nanophotonic circuitry that oper-
ates faithfully in the quantum regime.
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Manipulating single atoms and single photons using cold Rydberg atoms
Philippe Grangier
Laboratoire Charles Fabry, Institut d’Optique, 91127 Palaiseau, France

We will present experimental and theoretical results about the
use of trapped cold Rydberg atoms for applications in quan-
tum information : either performing quantum gates with in-
dividually trapped atoms, or designing “giant” optical non-
linear effects by using ensemble of cold atoms in an optical
cavity.
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Stabilization of Fock states in a high Q cavity by quantum feedback
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We apply quantum non-demolition (QND) photon count-
ing to a field stored in a high Q cavity, which acts as a pho-
tons trap. It is made of superconducting mirrors and stores
microwave photons for durations as long as one tenth of a sec-
ond. Non-resonant Rydberg atoms send one by one trough the
cavity are used as sensitive probes of the stored microwave
field (Fig. 1) They act as tiny atomic clocks whose oscil-
lation rate is slightly affected by the intensity of the cavity
field. Detecting one atom provides partial information about
the photon number. Accumulating information by detecting
many atoms within the photon lifetime amounts to a progres-
sive projection of the field state on a photon number state [1].
This process realizes an ideal projective QND measurement
whose result is fundamentally random.

Figure 1: Experimental setup. Rydberg atoms prepared in
box B cross the high Q cavity C and are finally detected in the
sate selective detector D. The low Q cavities Ry and Ry are
used to apply resonant microwave pulses with the classical
sources S; and Ss. The voltage source V' is used to set the
atoms in or out of resonance with C by Stark effect. For QND
sensor atoms pulses in R; and Ry are set for detecting cavity
induced light shifts by Ramsey interferometry.

By feeding the quantum information provided by individ-
ual atomic detections into a controller K one reacts in real
time on the cavity field state. Depending on the detection
results, the controller performs precise state estimation and
applies a feedback action by deciding to use the next atom
crossing C' as emitter, absorber or QND probe. For that pur-
pose, it uses the voltage source V to switch the interaction
from dispersive for QND sensor to resonant for emitters or
absorbers. The initial state of resonant atom is controlled by
applying in Ry a resonant 7 pulse on the atoms initially pre-
pared in the lower state of the atomic transition.

We show that under steady state operation of the feedback
loop, the QND measurement process is turned into an effi-
cient method of deterministic preparation and stabilization of
number states of light. It additionally allows to protect them
from decoherence by reversing the destructive effect of quan-

tum jumps [2, 3]. Fig. 2 shows the photon number distri-
bution as estimated in real time by the controller in a single
realization of the experiment. Under closed loop operation,
the system follows closely the varying target number state.
Independent state reconstruction performed just after open-
ing the feedback loop demonstrates high fidelity preparation
of Fock states up to 7 photons.
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Figure 2: Programmed sequence of Fock states. The target
number state varies stepwise as indicated by the thin line. The
photon number distribution inferred by K is shown in color
and gray scale, together with its average value (thick line).
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An Elementary Quantum Network of Single Atoms in Optical Cavities
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The distribution of quantum information as well as the uti-
lization of non-locality are at the heart of quantum net-
works, which show great promise for future applications
like quantum communication, distributed quantum comput-
ing and quantum metrology. Their practical realization how-
ever is a formidable challenge. On the one hand, the state of
the respective quantum system has to be under perfect con-
trol, ideally in all degrees of freedom. This requires low de-
coherence, i.e. minimal interaction with the environment. But
at the same time, strong, tailored interactions are required to
enable all envisioned processing tasks. In this respect single
atoms and photons are the ideal building blocks of a quantum
network [1]. Atoms can act as stationary nodes as they are
long-lived and their interaction with the environment is weak,
while their external and internal degree of freedom can pre-
cisely be controlled and manipulated. Photons can be trans-
mitted over larger distances using existing fiber technology
and do not mutually interact.

We realize the necessary enhanced coupling between sin-
gle atoms and photons using an optical cavity. The toolbox
provided by cavity QED has allowed us to demonstrate the
controlled generation of single photons based on dynamic
control of coherent atomic dark states. We can thus map the
qubit state of the atom onto the polarization of a single pho-
ton [2]. In this way, quantum information can be distributed
by storing the photon at another network node. Using pro-
cess tomography we have proven that our single-atom—cavity
system is the most fundamental implementation of a quantum
memory with higher fidelity than any classical device [3].

Consequently, single atoms in optical cavities are ideally
suited as universal quantum network nodes capable of send-
ing, storing and retrieving quantum information. We demon-
strate this by presenting an elementary version of a quan-
tum network based on two identical nodes in remote, inde-
pendent laboratories [4]. The reversible exchange of quan-
tum information and the creation of remote entanglement are
both achieved by exchange of a single photon. Arbitrary
qubit states are coherently transferred between the two net-
work nodes. We show how to create maximally entangled
Bell states of the two atoms at distant nodes and character-
ize their fidelity and lifetime. The resulting nonlocal state is
manipulated via unitary operations applied locally at one of
the nodes. This cavity-based approach to quantum network-
ing offers a clear perspective for scalability, thus paving the
way towards large-scale quantum networks and their plethora
of applications.
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Exploring cavity-mediated long-range interactions in a quantum gas

Tobias Donner, Ferdinand Brennecke, Rafael Mottl, Renate Landig, Kristian Baumann and Tilman Esslinger

ETH Zurich, Switzerland

Creating quantum gases with long-range atom-atom inter-
actions is a vibrant area of current research, possibly lead-
ing to the observation of novel quantum phases and phase
transitions. In our approach, we couple a Bose-Einstein con-
densate to the vacuum mode of a high-finesse optical cavity
using a non-resonant transverse pump beam. This gives rise
to cavity-mediated atom-atom interactions of global range,
which are tunable in magnitude and sign.

Increasing the strength of the interaction leads to a soften-
ing of an excitation mode at finite momentum, preceding a
superfluid-to-supersolid phase transition. We probe the ex-
citation spectrum with a cavity-based variant of Bragg spec-
troscopy and study the mode softening across the phase tran-
sition. The observed data agrees well with an ab initio model
[1].

This mode softening, which is reminiscent of the roton-
minimum in liquid Helium, is accompanied by diverging fluc-
tuations of the atomic and photonic fields. The openness of
the cavity allows us to observe density quantum fluctuations
in real-time. At the same time the unavoidable measurement
backaction renders the phase transition to be non-equilibrium,
which significantly changes the thermodynamics. Our system
can be seen as a basic building block for quantum simulations
of key models in quantum-many body physics.

— g
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Figure 1: Cavity-mediated long range-interaction. A BEC
(blue) located in the mode of an optical high-finesse cavity
is transversally illuminated by a standing wave pump laser
at frequency wy,, which is far red-detuned from the atomic
resonance, but closely detuned from the cavity resonance.
Atoms coherently scatter photons from the pump into the cav-
ity mode and back, which leads to an infinite-range interac-
tion between the atoms, mediated by the cavity mode. The
zoom displays one of four possible scattering processes, in
which both atoms gain momentum.
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Entangling distant electron spins
Jorg Wrachtrup
3rd Institute of Physics, University of Stuttgart, Germany

Generation of entanglement between spins in solids is a core
challenge in quantum technology. Early examples on bulk
ensembles of nuclear and electron spins have paved the way
towards current approaches using nano positioned systems
and single site readout. The talk will describe deterministic
entanglement between engineered electron spins of diamond
defects. Rapid dephasing of entangled electron spin states
is mitigated by high fidelity entanglement storage on nuclear
spins yielding ms entanglement lifetimes under ambient con-
ditions. The impact of spin correlations on photon emission
of defect pairs is analyzed. Roads towards large scale entan-
glement generation will be discussed.
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Quantum Information Transport in Mixed-State Networks
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A promising approach toward a scalable quantum informa-
tion processor is a distributed architecture, where small com-
putational nodes are connected by quantum spin wires. Co-
herent transmission of quantum information over short dis-
tances is enabled by internal couplings among spins, ideally
aligned in a one-dimensional (1D) chain. Given the practi-
cal challenge of engineering 1D chains with exact spin spac-
ing and of preparing the spins in a pure state, we propose to
use more general spin networks with the spins initially in the
maximally mixed state.

Similarities between the transport properties of pure and
mixed-state chains enable protocols for the perfect trans-
fer of quantum information and entanglement in mixed-state
chains [1]. Remarkably, mixed-state chains allow the use
of a broader class of Hamiltonians, which are more readily
obtainable from the naturally occurring magnetic dipolar in-
teraction, thus enabling an experimental implementation of
quantum state transport.

Owing to their unique geometry, nuclear spins in apatite
crystals provide an ideal test-bed for the experimental study
of quantum information transport, as they closely emulate an
ensemble of 1D spin chains. Nuclear Magnetic Resonance
techniques can be used to drive the spin chain dynamics and
probe the accompanying transport mechanisms. We demon-
strated initialization and read-out capabilities in these spin
chains, even in the absence of single-spin addressability [2].
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Figure 1: Quantum information transport in an ensemble of
19F nuclear spin chains in a synthetic crystal of fluorapatite.
Red full circles: Experimental results of polarization trans-
port with initialization and readout of the chain-end spins.
Dash-dotted line: fitting of the experimental to the analyti-
cal solution of the transport dynamics. Because of the trans-
port times explored and of the distribution in chain lengths
we could only observe information leaking out of one end of
the chain, but could not observe the information packet arriv-
ing at the other end of the chain. For comparison, the blue
circles show the experimental evolution of the thermal state,
when measuring the collective spin magnetization (the blue
dashed line is the fitting to the analytical expression for the
spin-chain dynamics).

These control schemes enable preparing desired states for

quantum information transport and probing their evolution
under the transport Hamiltonian (see Fig. 1). It thus becomes
possible to explore experimentally the effects of discrepancy
from the ideal 1D nearest-neighbor coupling model and the
perturbation due to the interaction of the chains with the en-
vironment.

To extend these results to systems where the spin position

is not precisely set by nature, we considered arbitrary net-
works of spins, where the random position of the spins and
the spatial dependence of their interaction sets the coupling
topology and strength [3]. We show that perfect state transfer
is possible for any coupling topology, provided we have con-
trol on the coupling strength and energy of the end-spins be-
tween which the state transfer is operated. These results open
the possibility of experimental implementations of quantum
information transfer in natural and engineered solid-state sys-
tems. For example nitrogen defect centers in diamond could
be implanted and used as spin wires to connect the optically
addressable Nitrogen-Vacancy defect centers, acting as quan-
tum computational nodes.
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Quantum Networks with Spins in Diamond
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A key challenge in quantum science is to robustly con-
trol and to couple long-lived quantum states in solids. The
electronic and nuclear spins associated with the nitrogen-
vacancy (NV) center in diamond constitute an exceptional
solid state system for applications in quantum information
science. Combining long spin coherence times [1] and fast
manipulation [2] with a robust optical interface [3, 4], NV-
based quantum registers have been envisioned as building
blocks for quantum repeaters, cluster state computation, and
distributed quantum computing.
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Figure 1: Two-photon quantum interference. A pulsed laser
excites two seperate NV centers with a repetition rate of
10 MHz. The emitted photons are overlapped on a beam split-
ter and the coincendences of the two detectors in the output
ports recorded. For orthogonal polarization of the photons
(a) the coincedence distribution corresponds to the temporal
overlap of two independent wavepackets. For parrallel po-
larization (b) two-photon quantum interference is observed:
around zero detection time difference the two photons mainly
leave the beam splitter into the same output port. Simulations
with no free parameters (red lines) show excellent agreement
with the experimental data.

In this talk, we report on our latest advances towards realiz-
ing long-distance quantum networks with spins in diamond.
First, we demonstrate preparation and single-shot measure-
ment of a quantum register containing up to four quantum
bits [5]. Projective readout of the electron spin of a single
NV center in diamond is achieved by resonant optical ex-
citation. In combination with hyperfine-mediated quantum
gates, this readout enables us to prepare and measure the
state of multiple nuclear spin qubits with high fidelity. We
show compatibility with qubit control by demonstrating ini-
tialization, coherent manipulation, and single-shot readout in
a single experiment on a two-qubit register, using techniques
suitable for extension to larger registers. Second, we ob-
serve quantum interference of photons emitted by two spa-
tially separated NV centers [6], Figure 1. Combined with
recently shown spin-photon entanglement [3], this effect en-
ables measurement-based entanglement of two distant NV
centers. By using electrical tuning of the optical transition
frequencies, we are able to observe two-photon interference
even for initially dissimilar centers, indicating a viable path
for scaling towards a multi-node diamond-based quantum
network. We will present these results, along with our most
recent data, and discuss the prospects of realizing quantum
networks with NV centers in diamond in the near future.
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Suppression of spin bath dynamics for improved coherence in solid-state systems
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Understanding and controlling the coherence of multi-
spin-qubit solid-state systems is crucial for quantum informa-
tion science, basic research on quantum many-body dynam-
ics and quantum sensing and metrology. Examples of such
systems include Nitrogen-Vacancy (NV) color centers in di-
amond, phosphorous donors in silicon and quantum dots. In
particular, for solid-state spin qubits the coherence time 75
is typically limited by interaction with an environment (i.e.,
bath) of paramagnetic spin impurities.

Here we study experimentally the spin environment of NV
color centers in room temperature diamond (Fig. 1(a,b)). We
apply a spectral decomposition technique [1, 2] to character-
ize the dynamics of the composite solid-state spin bath, con-
sisting of both electronic spin (N) and nuclear spin (**C) im-
purities [3].

This spectral decomposition technique determines the
spectral function of the bath fluctuations from decoherence
measurements of the NV spin. By applying a modulation
to the NV spins, e.g. through dynamical decoupling Carr-
Purcell-Meiboom-Gill (CPMG) pulse sequences, the spectral
component of the bath at the modulation frequency can be
extracted.

Experimentally, we manipulate the |0)-|1) spin manifold of
the NV triplet electronic ground-state (Fig. 1(c)) using a static
magnetic field and resonant microwave pulses, and employ a
532 nm laser to initialize and provide optical readout of the
NV spin states. More specifically, we optically initialize the
NV spins to ms = 0, apply CPMG pulse sequences (see Fig.
1(d)) with varying numbers of 7 pulses n and varying free
precession times 7, and then measure the NV spin state us-
ing optical readout to determine the remaining NV multi-spin
coherence. The measured coherence is then used to extract
the corresponding spin bath spectral component as described
above.

We study three different diamond samples with a wide
range of NV densities and impurity spin concentrations (mea-
suring both NV ensembles and single NV centers), and find
unexpectedly long correlation times for the electronic spin
baths in two diamond samples with natural abundance (1.1%)
of 13C nuclear spin impurities. We identify a possible new
mechanism in diamond involving an interplay between the
electronic and nuclear spin baths that can explain the ob-
served suppression of electronic spin bath dynamics. This
spin-bath suppression enhances the efficacy of dynamical de-
coupling for samples with high N impurity concentration, en-
abling increased NV spin coherence times

We explain this suppression of spin-bath dynamics as a re-
sult of random, relative detuning of electronic spin energy
levels due to interactions between proximal electronic (N)
and nuclear (*3C) spin impurities. The ensemble average ef-
fect of such random electronic-nuclear spin interactions is to

induce an inhomogeneous broadening of the resonant elec-
tronic spin transitions in the bath, which reduces the elec-
tronic spin flip-flop rate, thereby increasing the bath correla-
tion time.

E 535 - BOC nm
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Figure 1: NV-center in diamond, and applied spin-control
pulse-sequences. (a) Lattice structure of diamond with an NV
color center. (b) Magnetic environment of NV center elec-
tronic spin: '3C nuclear spin impurities and N electronic spin
impurities. (c) Energy-level schematic of negatively-charged
NV center. (d) Hahn-echo and multi-pulse (CPMG) spin-
control sequences.

The present results pave the way for quantum information,
sensing and metrology applications in a robust, multi-qubit
solid-state architecture. We demonstrate this through the im-
provement in magnetic field sensitivity of a variety of differ-
ent samples, using the dynamical decoupling sequences de-
scribed above [4].
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Entropic Test of Quantum Contextuality and Monogamy
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The essence of the classical description of Nature is real-
ism, the assumption that the physical world exists indepen-
dently of any observers and that the act of observation does
not disturb it. A mathematical consequence of realism is that
there exists a joint probability distribution for the outcomes of
measurements for all physical properties of the system, how-
ever quantum theory does not incorporate realism [1]. The
lack of realism in certain entangled systems has information-
theoretic consequences; the conditional Shannon entropies of
the outcomes of certain measurements do not obey fundamen-
tal classical properties such as the chain rule [2], this is used
here to formulate entropic inequalities to test contextuality.

The notion of contextuality, as introduced by Kochen and
Specker (KS) can be explained as follows. Suppose a mea-
surement A on a given system can be jointly performed with
one of two other measurements, either with B or with C,
but that B and C' cannot be jointly performed. Measure-
ments B and C' are said to provide two different contexts
for A. The measurement A is contextual if its outcome de-
pends on whether it was performed together with B or with
C'; the essence of contextuality is thus the inability to assign
an outcome to A prior to its measurement, independently of
the context in which it was performed. Quantum theory can
be proven to be contextual for any system whose dimension is
greater than two. The Bell theorem is a special instance of the
KS theorem, where contexts naturally arise from the spatial
separation of measurements.

A convenient language to study the measurements that re-
veal contextuality is graph theory. Measurements are denoted
by the vertices of a graph and edges connect any two ver-
tices when the corresponding measurements can be jointly
performed. We study the minimal set of measurements nec-
essary to reveal contextuality for the simplest contextual sys-
tem, the qutrit, and analytically show that the five-cycle is the
minimal graph to reveal its contextuality confirming earlier
numerical observations [3]. To prove this, we explicitly con-
struct joint probability distributions for some smaller graphs
than the pentagon and demonstrate that measurements cor-
responding to other smaller graphs, such as the four-cycle,
cannot be realized on the qutrit.

An entropic inequality for contextuality is formulated us-
ing two fundamental properties of the Shannon entropy,
H(A) = =>_ p(A = a)logy p(A = a) of measurement
outcomes. The first is the chain rule H(A, B) = H(A|B) +
H(B) and the second is the inequality H(A|B) < H(A) <
H(A, B). The latter inequality has the interpretation that con-
ditioning cannot increase information content of a random
variable A and that two random variables A, B cannot con-
tain less information than one of them. We use these proper-
ties on the classical (non-contextual) hypothetical joint prob-
ability distribution for the measurements that form the five-

cycle, H(Aq, As, A, Ay, As), and derive the entropic con-
textual inequality [4]

1
H(Ai|A5) <) H(Ai A1) ()
i=1

Similar entropic inequalities can be constructed for larger
number of measurements and any system dimension as well.
We proceed to demonstrate a method to construct joint prob-
ability distributions for certain measurement configurations
[5]. In particular, we establish

Proposition 1: A commutation graph G representing a set
of n measurements (for any n) admits a joint probability dis-
tribution for these measurements if it is a chordal graph.

A chordal graph is a graph that does not contain an in-
duced cycle of length greater than 3. This comprises a large
class among all graphs of n vertices and the above Proposi-
tion thus excludes the construction of contextual inequalities
(or Kochen-Specker proofs) from all such graphs.

Finally, we study an intriguing aspect of contextuality, its
monogamy. A set of measurements is said to have ‘monoga-
mous contextuality’ if it can be partitioned into disjoint sub-
sets, each of which can by themselves reveal contextuality,
but which cannot all simultaneously be contextual. We show
how one can construct monogamies for contextual inequali-
ties using the Gleason principle of no-disturbance. To do this,
we employ the graph-theoretic technique of vertex decom-
position of a graph representing a set of measurements into
subgraphs of suitable independence numbers that themselves
admit a joint probability distribution. We end by establishing

Proposition 2: Consider a commutation graph represent-
ing a set of n KCBS-type contextual inequalities [3] each of
which has non-contextual bound R. Then this graph gives
rise to a monogamy relation if and only if its vertex clique
cover number is n * .

References
[1] A.Fine, Phys. Rev. Lett., 48, 291 (1982), S. Kochen and
E. P. Specker, J. Math. Mech., 17, 59 (1967), J. S. Bell,
Physics 1, 195 (1964).

[2] S. L. Braunstein and C. M. Caves, Phys. Rev. Lett., 61,
662 (1988).

[3] A. A. Klyachko ef al., Phys. Rev. Lett., 101, 020403
(2008).

[4] P. Kurzynski, et al., arXiv/quant-ph: 1201.2865, ac-
cepted in PRL (2012).

[5] R. Ramanathan et al., arXiv/quant-ph: 1201.5836, ac-
cepted in PRL (2012).

P1-0



110

QCMCy:,

Vienna, Austria

Quantum nonlocality based on finite-speed causal influences leads to superluminal

signalling

Jean-Daniel Bancal®, Stefano Pironio?, Antonio Acin®*, Yeong-Cherng Liang’, Valerio Scarani®®, Nicolas Gisin'

YGroup of Applied Physics, University of Geneva, Switzerland

2Laboratoire d’Informatique Quantique, Université Libre de Bruxelles, Belgium

3 Institut de Ciencies Fotoniques, Castelldefels (Barcelona), Spain

4Institucié Catalana de Recerca i Estudis Avangts, Barcelona, Spain

5 Center for Quantum Technologies, National University of Singapore, Singapore 117543
S Department of Physics, National University of Singapore, Singapore 117542

When measurements are performed on two entangled
quantum particles separated far apart from one another, such
as in the experiment envisioned by Einstein, Podolsky, and
Rosen (EPR) [1], the measurement results of one particle are
found to be correlated to the measurement results of the other
particle. Bell showed that if these correlated values were
due to past causes common to both measurements, then they
would satisfy a series of inequalities [2]. But theory pre-
dicts and experiments confirm that these inequalities are vi-
olated [3], thus excluding any past common cause type of
explanations for quantum nonlocal correlations.

Still, quantum nonlocal correlations could arise from com-
mon causes supplemented by the exchange of some influ-
ences between distant measurements. Since the measurement
events can be space-like separated [4, 5, 6], any type of ex-
planation based on causal influences must involve influences
propagating faster than light [7]. Here, the speed of supralu-
minal influences is defined with respect to a universal priv-
iledged reference frame (as for example the one in which the
cosmic microwave backround radiation is isotropic).

Despite propagating faster than light, these influences
might remain hidden, in the sense of not allowing observable
correlations to be used to communicate faster than light. This
is what led Abner Shimony to name the situation as “peaceful
coexistence” between hidden influences behind the quantum
and no signalling at the level of accessible correlations [8].

Here we show that there is a fundamental reason why in-
fluences propagating at a finite speed v may not account for
the nonlocality of quantum theory: all such models for quan-
tum correlations give, for any v > ¢, predictions that can
be used for faster-than-light communication. This answers
a long-standing question on the plausibility of these models
first raised in [9, 10]. An inspiring progress on this problem
was recently made in [11], where a conclusion with a similar
flavor was obtained, but not for correlations predicted by the
quantum theory.

In contrast with previous experimental approaches to hid-
den influence models, which relied on testing the violation of
Bell inequalities with systems that are further apart and better
synchronized to put a lower-bound on the speed v needed to
reproduce the observed correlations [12, 13], our result opens
the possibility for experiments to test hidden influences of ar-
bitrary finite speed v < co.

Quantum communication and a significant part of the ad-
vantage offered by quantum information processing are based
on the assumption that quantum correlations cannot be ex-
plained merely by shared randomness and finite speed com-

munication. This work sets our belief in entanglement and
quantum nonlocality on a firmer ground.
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The concept of quantum weak measurement [1] is a way to
circumvent the invasive nature of projective measurements. It
relies on a simple model of a pointer detector that is weakly
coupled to the measured system, with the pointer values
rescaled by the coupling in order to interpret them as the val-
ues of the system quantities. The detector-system coupling
represents the measurement strength and can be made arbi-
trarily small to reduce the invasiveness at the price of intro-
ducing large detector noise. In the limit of zero strength one
can describe the results of the measurement by the quasiprob-
ability [2]. The quasiprobability explains known paradoxes of
weak measurement such as unusually large conditional aver-
ages [1] or violation of the Leggett-Garg inequality [3].

We present a new paradox regarding the time reversal sym-
metry of sequential weak measurements, [4]. Sequential pro-
jective quantum measurements of incompatible observables
break the time-reversal symmetry, due to their invasive na-
ture. However, one could try to circumvent the induced asym-
metry by performing a weak quantum measurement, expected
to leave the state of the system intact. We show that, paradox-
ically, time-reversal symmetry is still violated for this type
of measurement. The violation calls the noninvasiveness of
weak measurement into question and, as we show below, is
detectable in third-order correlation functions. It is impor-
tant to stress the difference to the macroscopic arrow of time,
which appears solely due to loss of information and is the
essence of the second law of thermodynamics. We can ex-
clude this by taking equilibrium systems as examples or, al-
ternatively, one could consider just the coherent microscopic
evolution. We also propose an experiment with quantum dots
to measure this apparent violation of time reversal symmetry
in a third-order current correlation function.

The time reversal symmetry condition of time-dependent
observables a(t) is written as

(ar(ts) -+~ an(tn)) = {ap (=tn) - 1)

Here T denotes time reversal operation (z — =, p — —p).
The symmetry is valid always in classical physics and for
quantum compatible measurements.

The correlation function obtained from quantum weak
measurements is given by [2]

waf (—t))"

<H ak(tk)> = Tr{An(tn), - {A2(t2), {As(t1), p}}.. } /2"
k

@)
fort, > ... > to > t;. We denoted by a the result of
measurement of quantity A, the initial state p and {A, B} =
AB+ BA. For n = 2 the time symmetry holds generally, but
for n > 3 it can be violated.

Let us demonstrate the paradox in a simple system consist-
ing of a particle in a double-well potential as in Fig. 1. For
simplicity, we take an equilibrium state, but the asymmetry

D

2e

Figure 1: The double well example

appears also in a completely general case. The particle is ef-
fectively described by the ground states of the left and right
wells, |I) and |r) respectively. We assume that higher excited
states can be ignored for low temperatures, leaving an effec-
tive two state system. Using these basis states, the operator
for the location is Z = |I)(I| — |r)(r|, and the effective Hamil-
tonian reads

3

where 2¢ is the energy difference between the wells and 7 is
the tunneling amplitude. Since no magnetic fields are present,
H and Z are even under time reversal. We are now in a po-
sition to test equation (1) with z measured at three separate
times and with the initial thermal state p < exp(—H/kgT).
The correlation for three weak measurements can be calcu-
lated using (2) and Z(t) = e*1t/h Ze—HHt/h,

H = ([0 = [r)(rl) + (D[ + ) ),

(2(t1)2(t2)2(t3)) = (€ + 72 cos(2(ts — t2)A/R)), (4)

where A = e2 + 72, a = —(¢/A%)tanh(A/kpT). For
this system and measurements, the expression corresponding
to the right hand side of (1) differs from (4) by the exchange
of ts — to with to — t1. However, (4) clearly changes under
this replacement, demonstrating that time reversal symmetry
is broken for correlations of quantum weak measurements.
The implications of our observation will be discussed. One
possibility would be that weak measurements cannot exist,
which, however, looks unreasonable since numerous exper-
iments are performed in the weak regime. Alternatively, it
reveals an up-to-now undiscovered arrow of time in quantum
mechanics, of which consequences remain to be explored.
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The characterization of nonclassical features of quantum cor-
relations is a fundamental problem both for the foundations
of quantum physics and for the applications in quantum in-
formation theory.

For instance, a fundamental tool for such investigation is
given by Bell inequalities: For every measurement scenario,
there exists a finite set of inequalities, called “tight” Bell in-
equalities, which provides necessary and sufficient conditions
for the existence of a local hidden variable (LHV) theory
reproducing the corresponding set of quantum correlations.
Such inequalities represent the boundaries of the convex set
of classical correlations: Without a complete set of tight in-
equalities only a subset of nonlocal correlations can be iden-
tified.

Another nonclassical phenomenon, with analogous, but far
less explored, applications in quantum information process-
ing, is that of quantum contextuality. The latter can be inves-
tigated by means of noncontextuality inequalities: They are
constraints on the correlations among the results of compati-
ble or jointly measurable observables, which are satisfied by
any noncontextual hidden variable (NCHV) theory. The no-
tion of tightness also applies to noncontextuality inequalities.

As opposed to Bell inequalities, noncontextuality inequal-
ities can be violated by general quantum systems and states,
not only by composite system and entangled states, but the
most surprising difference is that such violations can be inde-
pendent of the quantum state of the system, a property known
as state-independent contextuality (SIC) [1]. SIC has been
observed recently in experiments [2].

Recently, Yu and Oh [3] have introduced an inequality for
observing SIC on a single qutrit. What makes Yu and Oh’s
inequality of fundamental importance is that it identifies a
specific 13-setting scenario (see Figure 1) which has proven
to be the simplest one in which qutrit SIC can be observed.
However, the inequality they provided is not tight.

In this contribution, we present the first tight SIC inequality
for Yu and Oh’s scenario, which has been found as a solution
of the maximization problem for the state-independent quan-
tum violation. The same method is shown to provide a tight
SIC inequality also when additional restriction on measure-
ments are imposed in the same scenario. We recall that, even
if there exist algorithms for computing complete sets of tight
inequalities, the time required to compute them grows enor-
mously as the number of settings increases. In Yu and Oh’s
scenario, such a computation is not feasible.

To complete our analysis, we also derive a partial list of
tight inequalities for Yu and Oh’s scenario. Such inequali-
ties correspond to structures, subsets of Yu and Oh’s set of
measurements, previously identified by Kochen and Specker
[4], Klyachko er al. [5], and others. However, in the
best case, they lead to state-dependent violations which do

v,=(1,0,0) v=(0,1,-1) v=(-1,1,1)
v,=(0,1,0) v=(1,0,-1) v,=(1,-1,1)
v,=(0,0,1) Vv&(1,-1,0) v,=(1,1,-1)
v=(0,1,1)  v,=(1,1,1)
ve=(1,0,1)
v,=(1,1,0)

Figure 1: Graph of the compatibility relations between the
observables in Yu and Oh’s scenario. Dots represent vectors
|v;), or the observables A; = 1 — 2|v;)(v;], and edges repre-
sent orthogonality, or compatibility, relations.

not even reach the maximum quantum value for such struc-
tures. Again, this emphasizes the importance of our SIC in-
equality which provides, at the same time, tightness, state-
independence and maximal quantum violation.
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Much of the recent progress in understanding quantum the-
ory has been achieved within an operational approach. Within
this context quantum mechanics is viewed as a theory for
making probabilistic predictions for measurement outcomes
following specified preparations. However, thus far essential
elements of the theory — space, time and causal structure —
elude this operational formulation and are assumed to consti-
tute a pre-existing “stage” on which events take place. Even
the most abstract constructions, in which no explicit reference
to space-time is made, do assume a definite order of events:
if a signal is sent from an event A to an event B in the run
of an experiment, no signal can be sent in the opposite direc-
tion in that same run. But are space, time, and causal order
truly fundamental ingredients of nature? Is it possible that, in
some circumstances, even causal relations would be “uncer-
tain”, similarly to the way other physical properties of quan-
tum systems are [2]? What new phenomenology would such
a possibility entail?

We ask whether quantum mechanics allows for such a
possibility. We develop a framework that describes all cor-
relations that can be observed by two experimenters under
the assumption that in their local laboratories physics is de-
scribed by the standard quantum formalism. All correlations
observed in situations that respect definite causal order can
be expressed in this framework; these include non-signalling
correlations arising from measurements on a bipartite state,
as well as signalling ones, which can arise when a system is
sent from one laboratory to another through a quantum chan-
nel. We find that, surprisingly, more general correlations are
possible, which are not included in the standard quantum for-
malism. These correlations are incompatible with any under-
lying causal structure: they allow performing a task—the vio-
lation of a “causal inequality”—which is impossible if events
take place in a causal sequence. This is directly analogous to
the famous violation of local realism: quantum systems allow
performing a task—the violation of Bell’s inequality—which
is impossible if the measured quantities have pre-defined lo-
cal values. The inequality considered here, unlike Bell’s, con-
cerns signalling correlations: it is based on a task that in-
volves communication between two parties. Nevertheless,
it cannot be violated if this communication takes place in a
causal space-time.

We also find that, contrary to the quantum case, classical
correlations are always causally ordered, which suggests a
deep connection between definite causal structures and clas-
sicality. It also suggests that indefinite causal orders could
provide a new kind of quantum resource, with possible ad-
vantages over classical computers [3].
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Quantum steering was originally introduced by Erwin tions [4]. Our results provide a clear path to practical appli-
Schrodinger [1], in reaction to the Einstein, Podolsky and cations of steering and to a photonic loophole-free Bell test.

Rosen (EPR) “paradox” [2]; it describes the ability to re-
motely prepare different ensembles of quantum states by per-
forming measurements on one particle of an entangled pair

13].

We define steering as a task with two parties: Alice and
Bob receive particles from a black box (the source, S) and
want to establish whether these are entangled. From a prear-  [3] H. M. Wiseman, S. J. Jones, A. C. Doherty, Phys. Rev.
ranged set, they each choose measurements to be performed Lett. 98, 140402 (2007)
on their respective particles. Bob’s measurement implemen-
tation is trusted, but this need not be the case for Alice’s; [4] D. H. Smith, et al. Nat. Comm. 3, 625 (2012).
her measurement device is also treated as a black box from
which she gets either a “conclusive”, A; = +1, or a “non-
conclusive” outcome, A; = 0. To demonstrate entanglement,

Alice and Bob need to show that she can steer his state by her
choice of measurement. They can do so through the violation
of a steering inequality (Fig. 1).
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Figure 1: Conceptual depiction of a steering experiment.

A conclusive demonstration of steering through the viola-
tion of a steering inequality is of considerable fundamental
interest and opens up applications in quantum communica-
tion. Similarly to the case of Bell inequalities, a conclusive
violation of a steering inequality requires that the experiment
does not suffer from any relevant loopholes. When one has
untrusted devices, the so-called detection loophole in partic-
ular is critical. To date all experimental tests with single pho-
ton states have relied on post-selection, allowing untrusted
devices to cheat by hiding unfavourable events in losses.

Here we close this “detection loophole” by combining a
highly efficient source of entangled photon pairs with su-
perconducting transition edge sensors. We achieve an un-
precedented ~62% conditional detection efficiency of entan-
gled photons and violate a steering inequality with the min-
imal number of measurement settings by 48 standard devia-
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Among the remarkable features of quantum mechanics, its
nonlocal character and its intrinsic randomness play a crucial
role. Although the notion of randomness is naturally defined
and intuitively familiar, its characterization is elusive. Gener-
ally, statistical tests are used to verify the absence of certain
patterns in a strings of numbers. However these tests are far
from complete. In principle, every classical system admits a
deterministic description and thus the perceived randomness
stems from the lack of knowledge of the full description of
the system.

Violation of Bell’s inequalities by quantum systems cer-
tifies the presence of intrinsic genuine randomness in these
systems[1]. However, non-locality and randomness have
been shown to be inequivalent physical quantities[2]. In par-
ticular, it is unclear when and why non-locality certifies max-
imal randomness. We provide here a simple argument to cer-
tify the presence of maximal local and global randomness
based on symmetries of a Bell’s inequality and the existence
of a unique quantum probability distribution that maximally
violates it. The advantage of this approach is also its device-
independence which is particularly relevant in a adversarial
or cryptographic approach where no assumptions are made
on the devices or the states and their dimensions.

We use our arguments to reach significant conclusions
in different cases. For the CHSH [3] and the chained
inequalities[4], we show that one and two bits respectively
can be certified while for the Mermin’s inequalities [5] in
(N, 2,2), we show the maximum possible N bits of global
randomness. Our results are encapsulated in the table below.

Bell’s Inequalities LocalQuantg}i:bal Uniqueness
CHSH (2,2,2) 1-bit - anl
CGLMP (2,M ,d) 1-dit - num
Chain (2,M,2) 1-bit 2-bits num
Mermin (N,q4,2,2) 1-bit N-bits anl
Mermin (Neyen,2,2) | 1-bit (N — 1)bits anl

We conclude that simple arguments of symmetry and
uniqueness can be used to reach significant conclusions about
the randomness inherent in quantum probability distributions.
While our formulation does not explicitly refer to the quan-
tum set, we have evidence that the it is the particular shape of
the quantum set that enables these results to hold.
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While lots of experimental tests of the violation of Bell’s
inequalities have been made with correlated photon pairs,
also a single-neutron system becomes a more and more in-
teresting subject for such tests [1, 2, 3]. We demonstrate the
violation of a Bell-like inequality on the basis of a single-
neutron interferometer (IFM) experiment with polarized neu-
trons [4]. The entanglement is accomplished between the spin
and the path degrees of freedom of the neutron, i.e., between
the spinor part and the spatial part of the neutron’s total wave
function, which has the form

1
V2

where |<) and |—) denote the spin states and |I) and |II)
denote the two beam paths in the IFM. Observables of the
spinor part commute with those of the spatial part, which jus-
tifies the derivation of a Bell-like inequality, according to the
noncontextual hidden-variable theories (NCHVTs) [5].

A Bell-like inequality for a single-neutron experiment is
given in terms of expectation values E(«, x) by [5]:

|¥) (=)o) +|=) (), M

—-2<85<2, 2)
where S := E(aq, x1)+E(a, x2) — E(a2, x1) +E(a2, x2)
and the theoretical maximum violation is given by S =
2v/2 & 2.828 > 2. The parameters v and y are experimen-
tally varied by polarization analysis of the generated Bell-like
state and by phase shift, respectively.

In the present experiment [4] we have applied a new
method for the generation of the Bell-like state (1). In our
previous experiment [1], we used a spin-up polarized neutron
beam with spinor |1), which enters the IFM and splits into
two partial beams I and II at the first plate. In one beam path
the spin was rotated by 7/2 and in the other path by —m/2,
so that the spinor in path I became to |«—) while in path II to
|—), thus yielding the Bell-like state (1). The neutrons in path
I and II had to pass through a Mu-metal sheet, which, as an
unwanted side-effect, reduced interference contrast by ~19%
due to dephasing. Our new method (see Fig. 1), used in [4],
to generate state (1) is based on the fact that only the direc-
tions of the spin flips are different for the two paths, whereas
the amounts of the flips are equal. Therefore, state genera-
tion can be separated into two steps: (a) in the first step the
spin is manipulated by a 7/2 flip that changes the spinor from
[1) to |—), and (b) in the second step the azimuthal angles
of the spins in path I and II are turned by 7 relative to each
other, so that in one path the spinor remains |—) while in the
other path it is changed to |«). Since only step (b) requires a
split-up beam, it is necessary to perform only this spin manip-
ulation within the IFM, whereas step (a) can be done already
before the IFM, so that the spinor of the neutron beam enter-
ing the IFM is given by |—). Applying a spin rotator before
the IFM is of course trivial, it is rather the combination of
the two aforesaid manipulations (a) and (b) that is new. For

the realization of the above new method, we developed a new
spin turner for the IFM as required for step (b), which was
realized by an appropriate magnetic shielding in one of the
two beam paths in the IFM. For this purpose a cylindrical
tube made of Mu-metal was used with both ends open, where
the neutron beam passes in axial direction through the tube,
without touching any material (see Fig. 1). With our new,
two stepped generation method of the Bell-like state (1) no
material needs to be placed into the beam, so that by far less
interference contrast loss in average was caused, which is cru-
cial for the significance of such an experiment. The achieved
overall mean contrast significantly exceeded the one achieved
in the previous experiment [1].
Our new maximum value for S is

S =2.202+0.007 > 2. 3)

This violates the Bell-like inequality by ~29 standard devia-
tions and so clearly confirms quantum contextuality.

Presently we are concerned with the generation of W and
GHZ neutron states and corresponding entanglement wit-
nesses.

Helmholte coil

By, (guide ficld)
Incident
neutrons

H-detector

m/2-Spin
per
analyrer

O-iletector
Spin rotator (u)

Figure 1: Sketch of the experimental setup
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As demonstration of Bell nonlocality requires violation of
a Bell inequality [1], so too does demonstration of EPR-
Steering [2, 3] require the violation of EPR-Steering inequal-
ities, which are less experimentally demanding than Bell in-
equalities.

Tests of EPR-Steering are such that one party’s results are
explicitly trusted, while the other is deemed untrustworthy.
Therefore, in such tests, we need only account for the in-
efficiency in one of the two detectors necessary for experi-
mental execution of the test (in contrast to a loophole-free
Bell inequality, for which we would have to consider both
detectors in this manner). When under a fair sampling as-
sumption, a detection loophole is opened — the untrusted party
(Alice) could take advantage of a claimed inefficiency in her
detectors in order to falsely convince the other party (Bob)
that she can steer his state. Closing such loopholes results in
EPR-Steering inequalities becoming more difficult to violate
experimentally. Therefore, it is worthwhile to know which
EPR-Steering bounds are the easiest to violate while still be-
ing free of loopholes.

Derivations of EPR-Steering inequalities have been de-
tailed in several publications [4], and recently, experimental
EPR-Steering tests have been performed using these inequal-
ities [5], even while closing the detection loophole [6, 7].

The EPR-Steering inequalities we will use are linear cor-
relation functions between the measured spins of entangled
qubit pairs (the same form as in [6]). They are of the form

1 n
Sn=—= ijpkmm{jx (1)

where &f are Bob’s observables, pj, are the weightings with

which Bob uses each measurement, and A;, are Alice’s re-
ported results (we make no assumptions about whether they
are actual measurement results or not). The number 7 is the
number of different measurement settings used by Bob in the
experiment.

EPR-Steering can be successfully demonstrated if (and
only if) Alice and Bob genuinely share an entangled state with
a correlation function, S,,, greater than or equal to &y, (¢), and
Alice’s detector efficiency is greater than or equal to e.

We obtain EPR-Steering bounds by assuming Bob’s mea-
surements to be genuine and Alice’s measurements to be fab-
ricated using knowledge of Bob’s local hidden state to imitate
nonlocality as best possible. In this task, Alice is assumed to
take advantage of her declared inefficiency, by declaring non-
null results only when it is most favourable for her to do so.

In deriving EPR-Steering tests of this form, previous publi-
cations [5, 6] have employed the intuitive strategy of choosing
qubit measurements that are equally spaced about the Bloch
sphere. This equated to using the vertices of platonic solids
to define Bob’s measurement settings. However, this method-
ology was ultimately an educated best guess, and the results

of [6] actually show that this choice is not optimal. Specifi-
cally, for an efficiency of approximately e = 0.5, usingn = 3
settings (octahedron vertices) was found to be more powerful
than using n = 4 settings (cube vertices), showing that the
latter cannot be optimal for n = 4 (see fig. 1). Optimisation
of S, forn = 3 and n = 4 yielded p; and &), values from
which we obtained the bounds shown in Figure 1 (for n = 3,
the platonic bound was found to already be optimal).
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Figure 1: Optimal EPR-Steering bound when using at most 3
(red line) and 4 (blue line) measurements. The diagonal line
is an analytical bound [3] for demonstrating EPR-Steering
with infinitely many measurements.
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In quantum teleportation, if an input state | 1)) 4 and system
R of the Bell state | E)gp are projected onto a Bell state
of the same type | E) g, the remote system B of the first
Bell state is projected onto the state | 1) g, which is identical
to the input state. Although the Bell measurement is neces-
sary to define the output state | 1) g, there is no evidence of
any physical change in the system B at the time of the Bell
measurement, and quantum theory is consistent with the as-
sumption that any measurement performed on B will have the
same result, whether it occurs before or after the Bell mea-
surement. From a statistical viewpoint, this suggests that the
state | ¥) p might represent a subensemble that was already
part of the statistics of system B even before the Bell mea-
surement selected it.

The idea that the Bell measurement merely post-selects
a subensemble corresponds to the statistical interpretation
of weak measurements. Specifically, weak measurements
can be used to investigate the statistical properties of post-
selected ensembles in detail. Recently, the theory of weak
measurements was used to show that the input state | 1))
of quantum teleportation seems to appear simultaneously in
systems A and B before the Bell measurement [1]. How-
ever, weak measurement theory may provide even more de-
tails about the teleportation process. In particular, we can also
analyze the joint state of A and B to find out about the kind of
correlations between A and B that could be observed in post-
selected weak measurements. In this presentation, we show
that the two systems are in fact correlated, even though each
local system is described by the pure state | 1). We point out
that these correlations can be interpreted as identical quantum
fluctuations, indicating that the teleportation process transfers
all physical properties equally, independent of the input state.

As shown in [2], weak measurement statistics can be sum-
marized by a transient state f%m given by the normalized
product of the initial density matrix p; and the final measure-
ment operator I1,,,,

N o ﬁrn
Rm = /){7A (])
Tr(pIH'm)

In analogy to the derivation of expectation values from den-
sity operators, the weak value of any obserbable O can be
determined from the product tace Tr(RmO), Therefore, R,,
can be interpreted as a representation of the quantum state be-
tween preparation and post-selection. We can apply this the-
ory to quantum teleportation to obtain a compact description
of the complete quantum statistics between the preparation
of the entangled state and the Bell measurement. The initial
state pr is | Y)a(y | ® | E)rp(E | and the measurement
operator I1,,, of the Bell measurement is U A(m) | E)ar(E |
Ul 1 (m) ® I . Here, the identity I in the measurement oper-
ator indicates that we do not consider any final measurement

on system B. After tracing out system R, the transient state
of systems A and B is given by

Z\w

Clearly, this state is not a product of a state in A and a sta-
tistically independent state in B. Instead, the sum over the
arbitrary orthogonal basis | k) indicates some kind of cor-
relation between the systems. Still, the partial traces of the
result both seem to describe the pure state | 1) or its unitary
transforms,

RV =[)alw |, RE =Um)" | 9)pw|U(m) ()

In particular, post-selecting the case of U(m) = I result in
the apparent co-existence of | ) in systems A and B before
the measurement, which is the result that was identified with
cloning in [1].

What kind of correlation does eq.(2) describe when both
systems appear to be “clones” of the input state | 1))? To find
this out, we can apply a projection onto the same orthogonal
basis {| a)} to both systems in R
weak values of conditional probablhtles for a and a/, given
by

(AB

(k| Um)'® | k)yp(v | Um).

@

f . The result are the

THRS) (| a)ata | @ | @)pa’ )} = barl(a] )

Interestingly, this result is all positive and looks just like a
classical probability distribution, where the values of a and
a’ must always be equal, but are otherwise distributed ac-
cording to the standard probability of measuring a in | ).
This means that the state R*?) describes perfect correla-
tions between the quantum fﬁlctuatlons in the input system
A and the output system B, indicating that the teleportation
process transfers all physical properties, not just the eigenval-
ues of the input state. It might also be worth noting that the
same statistical structure can be observed in the correlation
between optimally cloned systems [3], indicating that quan-
tum processes act on physical properties even when they are
not defined by the initial state.
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It is a fundamental law of quantum mechanics that non-
commuting observables cannot be measured jointly since
there are no common eigenstates that could represent the out-
comes of such joint measurements. In more intuitive terms,
it is often said that the measurement of one property must
disturb the system in such a way that the other property can
change its value in an uncontrolled way. Following this in-
tuitive logic about the values of observables, it is clear that
quantum mechanics cannot allow perfect cloning, because a
perfect copy of all physical properties would result in per-
fect simultaneous measurements of any two observables. It
should therefore be possible to identify the no-cloning theo-
rem with the uncertainty principle and the limits of optimal
cloning with the uncertainty limits of measurement theory.
However, cloning is usually evaluated and discussed in terms
of quantum state fidelities, not in terms of measurement er-
rors. It may therefore be necessary to re-examine the statis-
tical properties of cloning in the light of measurement statis-
tics to achieve a better understanding of the general physics
involved [1].

In this presentation, | will approach the problem in terms
of measurement theory. In general, cloning is similar to quan-
tum measurement since the goal of the cloning interaction is
to reproduce a target observable in a different system. The
difference is that measurement usually targets a specific ob-
servable, while universal cloning must consider all observ-
ables equally because the input state may be an eigenstate
of any property of the system. In this sense, the cloning pro-
cess describes a universal measurement interaction, where in-
formation about all possible observables is transferred to the
meter (that is, to the clone). It is then possible to perform any
measurement on the system by reading out the meter in an
appropriate measurement basis {| a)}, where the cloning fi-
delity now represents the accuracy of the measurement. Since
the accuracy should be the same for every possible measure-
ment, the back-action must be completely isotropic in Hilbert
space. The back-action can therefore be described by the
addition of a white noise background to the density matrix,
which defines the reduction of cloning fidelity in the origi-
nal system. Thus, cloning fidelities can be identified with the
measurement resolution and the measurement back-action of
a universal quantum measurement.

Using the well-known formalism for optimal universal
cloning, it is possible to derive the linear map E, () that de-
scribes the measurement process for the measurement basis

{la)},
Ea(ﬁ):
! ) D [ H ~
2d+2 ('”““‘ pla)I+pla)al + a)al p). )

These operators describe the effects of a measurement of «
performed by cloning the system and measuring the clone.

Specifically, the measurement probabilities are given by

d+2 1

pla) = Tr (Ba(p) = 55 (a | B @)+ 5.

T 2d+42 @)

and the back action is given by

d+2 . 1 ;
2d+2" T2+

pout = Y Falp) = (3)

It is therefore possible to re-formulate universal cloning as a
measurement process acting on a single input system, where
the clone is used as a meter for an arbitrary physical property
of the system. Significantly, the measurement interaction is
now independent of the physical property to be probed, and
the measurement back-action affects all physical properties
equally.

As pointed out in [1], the cloning process itself can be in-
terpreted as a statistical mixture of swap, no swap, and perfect
copying. In terms of measurements, this translates into per-
fect transmission without measurement (E,(p) = p), perfect
measurement and replacement of the input with white noise
(Ea(p) = I/d), and a perfect back-action free measurement
represented by the non-positive operation

BN (p) = 5 (p la)al + |a){al p) . 4)

1
2
Interestingly, the output state for this back-action free mea-
surement is identical to the post-selected transient state ob-
tained by weak measurement tomography [2]. The analy-
sis of the cloning measurement as mixture of measurement
errors with a non-positive representation of uncertainty-free
measurement is therefore consistent with the interpretation
of weak measurement statistics as quantum statistics condi-
tioned by the final measurement outcome of a. However, in
the present measurement by quantum cloning, a is the mea-
surement result obtained from the meter system and the con-
ditional quantum state appears as a non-negligible component
of the actual output density matrix, where positivity is en-
sured by additions of the original density matrix s and white
noise f/d according to Eq. (1). Thus measurements by quan-
tum cloning can provide a more direct access to conditional
quantum statistics than post-selected weak measurements [1].
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In physics, measurements should tell us all we need to know
about the reality of physical objects. It is therefore extremely
perplexing that quantum measurement fails to do so. At the
very heart of this failure lies the uncertainty principle: al-
though the outcomes of individual measurements appear real
enough, measurements cannot provide us with a satisfac-
tory characteri ation of the relation between non-commuting
properties. Recently, weak measurements are attracting a
lot of attention because they appear to offer a solution to
the problem of measurement uncertainty: by reducing the
measurement interaction to negligible levels, weak measure-
ments can obtain statistical information about properties that
do not commute with a precise final measurement of a differ-
ent property. In principle, weak measurements can therefore
measure correlations between non-commuting properties of a
system and address questions that seemed to be fundamen-
tally inaccessible in conventional quantum measurements.

Several experiments have already shown that quantum
paradoxes can be explained as a consequence of negative con-
ditional probabilities observed in weak measurements (see
[1] and references therein). However, such resolutions of
quantum paradoxes do not really explain why negative prob-
abilities appear in the first place. For a more complete un-
derstanding of quatum physics, it would be desirable to un-
derstand why an extension of statistics to non-positive and
even complex values could be helpful, and how these com-
plex probabilities relate to the more familiar notions of quan-
tum coherence known from coventional approaches to quan-
tum physics. In this presentation, | address these questions
by showing that the structure of complex joint probabilities
provides a natural link between classical phase space and
Hilbert space. The transformation laws that describe the re-
lation between non-commuting properties can then provide
new insights into the nature of dynamics and time dependence
in quantum mechanics that might change the way we think
about fundamental physics.

omplex joint probabilities arise naturally in the quan-

tum formalism as a consequence of quantum coherence. In
the case of pure states, the complex phases of weak condi-
tional probabilities provide a direct description of the coher-
ent wavefunction [2]. For a general density matrix p, the joint
probability p(a, b) of two measurement outcomes represented
by the non-orthogonal quantum states | a) and | b) is

pla,b) = (bl a)a|p]|b). @

This joint probability corresponds to a mixed representation
of the density matrix, where the left side of the matrix is
expressed in the a-basis, and the right side is expressed in
the b-basis. The complex joint probabilities p(a, b) obtained
in weak measurements of « and final measurements of b
therefore provide complete descriptions of arbitrary quantum
states in any Hilbert space [3, 4].

Interestingly, the joint probabilities given by (1) were al-
ready considered in the early days of quantum mechanics,
when irkwood introduced the complex joint probability
p(x,p) as a possible representation of phase space statistics
[5]. It therefore seems only natural to interpret p(a, b) as the
quantum limit of phase space statistics. However, there is one
fundamental difference between a classical phase space point
and the quasi-reality described by (a,b). At a phase space
point, all physical properties should be defined as functions
of the parameters « and b. In particular, the transformation to
a new parameteri ation (c, b) should be represented by a de-
terministic function ¢ = f.(a, b) that assigns a well-defined
value of ¢ to every phase space point.  ppositely, quantum
mechanics defines the change from (a,b) to (¢, b) as a uni-
tary transformation in Hilbert space. Using this standard for-
malism, it is possible to show that the probablities are trans-
formed by a complex valued scattering process, where the
contribution of (a, b) to (¢, b) is given by the complex condi-
tional probabilities p(c|a, b) of weak measurement statistics
[4]. However, this process is merely a change of representa-
tion, and therefore cannot describe any random effects. This
observation motivates a new definition of determinism that
can also be applied in the quantum limit: a scattering pro-
cess described by conditional probabilities is reversible and
therefore deterministic, if (and only if) the following relation

holds:
Zp(a/|cv b)p(c|a, b) = 6a,a’~

This definition of quantum determinism shows why the rela-
tion between non-commuting observables con icts with real-
ist interpretations. Since observables at different times can be
represented by non-commuting operators in the same Hilbert
space, this result has important implications for the dynam-
ics of quantum systems. In particular, it can be shown how
established notions of trajectories, such as the orbitals of
bound states or Feynman paths, and possible alternatives such
asthe ohmian trajectories recently reconstructed from weak
measurement results [ ] emerge from the more fundamental
concept of quantum determinism.

@)
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Abstract: In experiments with pre- and post-selection, one
can separate path and polarization degrees of freedom of a
photon [2]. We generalize this result to four degrees of free-
dom.

Basic concepts: Post-selection is the power of discarding
all runs of an experiment in which a given event does not oc-
cur [2]. Formally we define a pre-selected (or prepared) state
|1) and a post-selected one (¢| and define the weak value of
an operator O with pre- and post-selected states [¢) and (¢|
as [1]:

_ {9lo)
v T 0

Formalism: Our pre- and post-selected states for the first
experiment are:

(0) (1

[13) + |14) + |23) + |24)
2

) = @ 14),

2

((13] + (24]) ® (A] + ((14] — (23)) @ (B|

2 )
HV)+|V,H HV|—(V,H

where |A) = H#, and (B| = % |H) and

|V) denote horizontally and vertically polarized light respec-

tively. Note that (A|B) = 0.
The post-selected state for the second experiment is:

(1] = 3

(o] = (3] @ (Al + ((14] . (23] - 4Bl ()
Define position measurement operators:

IL; = [ijHV )(V Hji| + |ijV H)(HV jil, ®)

I = I + 1o, (6)

IL; = IIy; + I, (7)

where ¢ (resp. j) denotes the arm of the left (right) interfer-
ometer on which measurement is performed. The dot - repre-
sents a measurement carried on both arms of the correspond-
ing interferometer, which is equivalent to tracing out one of
the entangled particles.

A measurement of polarization along axis « for the first
photon and $ for the second photon in arms ¢ and j (¢
1,2; 5 = 3,4) corresponds to the operator:

oy =1;j00p. 8)

Trace out one of the particles:
ohg =1li00p, ©))

0y =1L;04p. (10)

Experimental Setup: The Mach-Zender interferometers
are so tuned that both detectors in the pair (D11,D22) or in

the pair (D12,

D21) always click, whereas D13 and D23 never

click. Post-selection is implemented in the first experiment by
inserting half-wave plates (HWP) at some arms of the inter-

ferometer.

Figure 1:
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Results: The results of the first experiment ({(¢1||¢))) are:
A o7
‘ L

[

[ Weakvawes [ I 0 [ 0o | 171 i 13 |

[Polatew. | 012 | 012 [ 022 [ 022 [ oL, [ 0% [ o0y | 0%y |

[ Weakvawes [0 [ 2 ]I 7T 0 [ I 7 1] % | 1y |
The results of the second experimen (<¢>2H7,/))) are
T s s S s S B = P = P P
Weak Values [ I T I U \ i \ 0]
P e | 213 [ 0L [ o2 [ 221 [ oL [ o7 | o3 [ oL |
Weak Values 0 \ T 1 [ 1 \ T | o0 ]
Note that (02,),, = 2 and (01}, = —1: interesting ef-

fects arise When a system Weakly interacts with arms 1 or 2.

Conclusions: We have shown that the disembodiment of
physical properties from objects to which they supposedly
belong in pre- and post-selected experiments can be gener-
alized to more than two degrees of freedom. It appears even
stronger since the correspondence between objects and prop-
erties is completely lost in some situations. The results can
be extended to more general situations: for example, a sepa-
ration of the spin from the charge of an electron, or the mass
of an atom from the atom itself [2].
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Motivation
Decoherence is the environmentally induced loss of phase co-
herence between states in quantum mechanical systems. This
process destroys superposition effects and reduces the dy-
namics of the system to that of a classical ensemble. It is one
of the major limiting factors for most applications of quantum
systems, in particular the use of quantum two-level systems
for computational purposes.

As both experimental and theoretical modelling capa-
bilities increase to larger systems, individual subsystems
are influenced by environmental fluctuations which cause
decoherence effects and the spatial correlations of these fluc-
tuations become relevant. Spatially correlated decoherence in
qubit systems also relates to quantum error correction where
correlated errors can require their own correction codes[1]
but can also lead to a better performance of the correction
process[2]. A theory of spatially correlated decoherence
may even find application in such unusual fields as quantum
biology, where the intricate interplay between delocalized
excitations and decoherence mechanisms has been suggested
to play a key role in photosynthetic systems[3, 4, 5].

Formalism
Two common master equations for decoherence modelling
are the Lindblad equations and the Bloch-Redfield equa-
tions. The Lindblad equations guarantee physical behaviour
(i.e. complete positivity) of the time evolution via their math-
ematical form. The free parameters in the Lindblad equations
are essentially chosen phenomenologically although in some
circumstances they can be derived from a physical model.
The Bloch-Redfield equations are more sophisticated to set
up and to work with, however they derive from a more phys-
ically motivated model with a system-environment coupling
operator H,y = Y y s;Bj, where s; and B; refer to system
and environmental operators respectively.

In both master equations decoherence is usually modelled
as either a collective effect with just one environmental “bath”
which couples to all subsystems at once or as an individual
effect with several uncorrelated “baths” each coupling to one
subsystem. We present a formalism beyond the usual mod-
els of decoherence to incorporate spatial correlations in the
environmental fluctuations and to derive the resulting deco-
herence rates for the system. In our formalism we extend
the Bloch-Redfield equations and add a spatial contribution
to the spectral noise function. In the eigenbasis of the system
Hamiltonian H the equations then read:

p=ilp, H + > (—siainp + ajps; — pdjxs; + sipdjr)
ik

where p is the system’s density matrix, s; are the system
operators that couple to the environment and the elements of
¢jr and ¢z, are defined as:

(alg;rb)
(algjlb) =

(alsk|b)Cik(wy — wa, 75, Tk) /2
(alsk]b)Crj(wa — wb, Tk, 75) /2

where w, is the a-th diagonal element of Hg, i.e. an eigen-
value. The spectral function Cj(w,;, 7)) represents a
Fourier transform of a temporal correlation function of the
bath!:

Cj7k(w,Fj,Fk) 2:/ dr €iw7— <B]'(7',’F"]')Bk(0, ’Fk»

and determines the frequency spectrum of the environmental
fluctuations, where we add a dependency on the spatial
positions ; and 7, of the respective bath operators B; and
By.. This allows empirical models of spatial correlations
by assuming any suitable function of spatial dependency.
Typically this function will decay with increasing distance
|7; — 71| and the decay will have a characteristic correlation
length £. In many cases the resulting master equations can be
rewritten in Lindblad form, although this is not guaranteed
for an arbitrary form of the spatial correlations.

Spatially correlated decoherence in spin chains
This formalism is then applied to a chain of two-level systems
(TLS) with nearest neighbour coupling. Numerical solutions
show that the decoherence is heavily influenced by the corre-
lation length £ of the environmental fluctuations. For uncou-
pled TLS a large correlation length leads to a relaxation-free
subspace. For coupled TLS the system dynamics is preserved
when the correlation length £ is longer than the packet width
of an excitation passing through the chain.

A deeper understanding of spatially correlated decoher-
ence provides a method for modelling large-size quantum
systems taking into account any appropriate model of spa-
tial correlations in the environment. This may also lead to
new ways of suppressing decoherence effects in spatially dis-
tributed systems.
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Cavity optomechanics is a very efficient technique to cool
down a mechanical resonator and observe its quantum ground
state. Small displacement detection and optical cooling re-
quire a very high finesse cavity. This is usually obtained us-
ing dielectric Bragg mirrors but such optical coatings limit the
mass of the resonators to a few tens of micrograms whereas
downsizing the resonators would allow a better coupling to
radiation pressure [1]. Multilayer coatings are furthermore
responsible for mechanical losses that limit the mechanical
quality factor of the resonators, hence the possibility to opti-
cally cool them.

To overcome these limitations, we developed 30 x 30 X
0.260 pm indium phosphide photonic crystal slabs, that do
not make use of optical coating anymore and have masses
about a hundred of picograms. We took advantage of slow op-
tical modes coupled to normal incidence radiation in square
photonic crystal lattices to obtain a good reflectivity at normal
incidence, about 95% for optical waists as small as 2.5 um
[2]. We also developed specific coupling mirrors with small
radius of curvature to build a Fabry-Perot cavity with a small
optical waist (3.5 pm) using such a fully-clamped suspended
membrane as an end mirror. Optical finesse larger than 100
was measured, yielding to a shot-noise limited sensitivity
about 6Zmin = 2 x 1077 m/+/Haz.
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Figure 1: Left: thermal noise and active cooling of a fully
clamped photonic crystal membrane (inset). Right: nonlinear
behavior of geometrically optimized suspended nanomem-
branes (inset).

We observed the thermal noise of the membrane and char-
acterized mechanical modes in the megahertz range with me-
chanical quality factors about 500 (see figure 1 left). We used
a piezo actuation to drive the membrane into motion and re-
duce its temperature by a cold-damping feedback loop [3].
We were able to cool the modes by a factor of two from room
temperature.

For mechanical resonators with frequencies in the mega-
hertz range, the classical to quantum transition is expected at
a few hundreds of micro-kelvins. As a consequence, mechan-

ical quality factors greater than one thousand are required to
allow optical cooling over two orders of magnitude from di-
lution cryostat temperatures. To this end, we worked on the
design of the photonic crystal nanomembranes with a geom-
etry optimized to limit clamping losses [2]. We were able to
fabricate membranes with quality factors about 4 000. With
these characteristics, the membrane has zero-point quantum
fluctuations about dxq = 5 x 10~ m/ VHz, larger than the
sensitivity expected for our cavity.

Due to their geometry and very small scales, these res-
onators exhibit a very strong nonlinear behavior [4]. This fea-
ture turns out to have a dramatic impact on the dynamics of
a mechanical mode, as well as an intermodal effect observed
on the frequency shift of a second mode when a first mode
is actuated in its nonlinear regime. We proceeded to study
the underlying nonlinear dynamics, both by monitoring the
phase-space trajectory of the free resonator and by character-
izing the mechanical response in presence of a strong pump
excitation. We observed in particular the frequency evolution
during a ring-down oscillation decay, and the emergence of a
phase conjugate mechanical response to a weaker probe ac-
tuation; the mechanical response exhibits both a resonance at
a frequency above the pump frequency and a spontaneously
generated mechanical motion at a lower frequency symmetri-
cally located below the pump frequency (see figure 1 right)

Besides this new physics, the combination of optical and
mechanical characteristics of the membranes would allow to
perform cold-damping cooling in a dilution fridge down to
a temperature low enough to observe their quantum ground
state. In addition, due to the versatility of the photonic crystal
design and compactness of the cavity, integrated optomechan-
ics applications can be foreseen.

This work has been partially funded by the Agence Na-
tionale de la Recherche (ANR) programme blanc ANR-2011-
BS04-029-01 MiNOToRe”, by the FP7 Specific Targeted Re-
search Project QNems, and by C’Nano Ile de Franc project
Naomi.

References
[1] P. Verlot et al., C. R. Physique 12, 797 (2011).
[2] T. Antoni et al., Optics Letters 17, 3436 (2011).
[3] P.-F. Cohadon et al., Phys. Rev. Lett. 83, 3174 (1999).
[4] T. Antoni et al., arXiv:1202.3675/.

P1-14



124

QCMCy:,

Vienna, Austria

Towards realization and detection of a non-Gaussian

quantum state of an atomic ensemble.
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Non-Gaussian states of atomic ensembles are an impor-
tant prerequisite for continuous variable quantum informa-
tion processing and can be a valuable resource for quantum
metrology applications [1, 2, 3]. We are working towards
engineering such a state in a dipole-trapped ensemble of Cs
atoms. The experimental apparatus is described in [4, 5]. On
a daily basis this setup is capable of resolving the atomic
projection noise, which we verify by scaling analysis (see
figure 1). By performing quantum non-demolition measure-
ments of the atomic population difference in the clock-levels
using a dispersive dual-color probing-scheme we can pro-
duce spin squeezed states in the ensemble, both in terms of
Holstein-Primakoff-quadrature operators as well as with re-
spect to the angular uncertainty of the macroscopic pseudo-
spin.
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Figure 1: Blue points: Light phase fluctuations for different
atom numbers for a coherent spin state(CSS). The scaling of
the noise as a function of the number of atoms NV, allows us to
identify noise contributions: blue area: light shot noise, green
area: atomic projection noise, red areas: technical fluctua-
tions. Black dashed line: predicted noise for a CSS. Magenta
diamonds: Noise for a squeezed state.

We are now looking to produce more exotic quantum states
in the ensemble, and currently focus on the generation of
a single excitation state. This clearly non-Gaussian state is
prepared as follows: We load N ~ 10° Cs atoms from a
MOT into a far off resonant dipole trap formed by the 40pm
Waist of a 10W laser with a wavelength of A = 1064nm.
By combining optical pumping, microwave (MW) pulses,
and optical purification pulses we prepare all atoms in the
upper hyperfine ground state. The idea is now to gener-
ate a weak excitation, using a dim pulse, resonant with the
|FF = 4,mp = 0) = |F' = 4,mp = +1) Ds-transition.
As this requires that we can resolve the different Zeeman lev-

els of the F' = 4 excited states, we apply a magnetic bias
field of |B| ~ 20 Gauss, splitting the |F’ = 4,mp = —1)
and |F’ = 4, mp = +1) excited states by several linewidths.
The excitation pulse excites some of the atoms, which can
now decay through several different channels. Both polariza-
tion and frequency filtering allow us to discriminate against
all but two decay channels. Conditioned on the detection of a
single photon we know that with a probability of ~ 2/3 a sin-
gle atom has been scattered into the lower |F = 3,mp = 0)
clock level and the collective quantum state of the example is
now described by

Ng
W >= [ it > )
i=1

With the ensemble in this superposition state, we apply a MW
m/2-pulse with varying phase, which will make the single
atom interfere with the remaining ground state atoms.

We then perform a strong dispersive quantum non-
demolition measurement of the population difference to an-
alyze the atomic state. Repeating this several thousand
times allows us to infer the marginal distribution of the non-
Gaussian Wigner function of this single excitation state and to
compare this to a coherent superposition state, which displays
a Gaussian Wigner function.
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In recent years, much work has gone into exploring the ad-
vantages of quantum measurements over classical measure-
ments. It is generally believed that quantum measurements,
which often exploit entanglement, can provide greater accu-
racy than classical measurements, see for example Ref [1] and
references contained therein. The metric used to compare the
accuracy of a measurement is often the standard deviation of
a measurement that is repeated a number of times. In both
cases of quantum and classical measurements, there exists a
conditional probability distribution, P(&|¢, p), which is the
probability of measuring & given that there are one or more
parameters ¢ in the experiment, and the state of the system
is represented by p. The conditional probability distribution,
P(¢|, p), enters into the definition of information measures,
such as Fisher information [2] and fidelity [3], which is the
Shannon mutual information [4] between measurements and
physical quantities.

Historically, the quality of measurements has been dis-
cussed in terms of parameter estimation [5], using the Fisher
information to provide an upper bound on the variance of an
unbiased estimator through the Cramér-Rao inequality [6, 7].
I argue that there are two objections against using the Fisher
information as a measure of the quality of measurements.
First, the Fisher information may depend on the unknown
physical quantity (parameter ¢ to be determined), which may
occur when dissipation is present [7]. Second, the Fisher in-
formation does not take into account prior information about
the parameter, as does the fidelity. Therefore, depending on
the question to be answered, the fidelity (defined as the Shan-
non mutual information between measurements and physical
quantities) may be a better measure of the quality of a mea-
surement [3, 7]. The fidelity does not suffer from the two
objections raised against the Fisher information. Also, the
fidelity is sufficiently general that it allows the comparison
of classical and quantum measurement experiments, to de-
termine which is a better measurement device (experiment)
overall.

The goal of any experiment is to determine some physi-
cal quantity, . However, in most cases, the quantity that
is directly measured is &, not the quantity ¢ that we intend
to determine through the experiment. For example, we may
want to determine a wavelength of an atomic optical transi-
tion, however, the quantity that we directly measure may be a
voltage. The question arises: how good is our measurement
of the wavelength? Another important question is: given
two different experiments that attempt to determine the wave-
length, which experiment is better? To answer this question,
I propose the use of Shannon mutual information (fidelity)
between the directly measured quantity, the voltage, and the
quantity that we seek, the wavelength. The experiment with

the highest Shannon mutual information (fidelity) provides,
on average, the best measurement of the wavelength. Also,
the fidelity also takes into account our prior information about
the wavelength through a prior probability distribution.

The fidelity and Fisher information are two complimen-
tary metrics for discussing measurements. The complemen-
tary measures of fidelity and Fisher information may be con-
trasted as follows. Assume that I want to shop to purchase
the best measurement device to determine the unknown pa-
rameter ¢. If I do not know the true value of the parameter
¢, 1 would compare the overall performance specifications
of several devices and I would purchase the device with the
best overall specifications for measuring ¢. The fidelity is
the overall specification for the quality of the device, so I
would purchase the device with the largest fidelity. After I
have purchased the device, I want to use it to determine a spe-
cific value of the parameter ¢ based on several measurements
(data). This involves parameter estimation, which requires
the use of Fisher information, and depends on the true value
of the parameter ¢.

Using several examples, I will discuss the quality of a mea-
surements in terms of Fisher information and fidelity. As a
first example, I will show the role of Fisher information and
fidelity in determining whether a coin is fair. As a second
example, I compare the quality of measurements made by a
classical and a quantum Mach-Zehnder interferometer. As a
final example, I compute a fundamental upper bound on the
fidelity of a classical Sagnac gyroscope. In order for a quan-
tum gyroscope to be better than the classical Sagnac gyro-
scope, it must have a higher fidelity.
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To obtain full knowledge about a quantum state p it is
necessary to accumulate measurement statistics of observ-
ables, such as position Z or momentum p, on many differ-
ent bases. In quantum optics, this statistical measurement
can be achieved by angle resolved homodyne measurement
of the operator £y = Zcosf + psinf to acquire statistics
of the squared modulus of the wave function, or (x¢|p|zs)
in the general case. The reconstruction of p, or equivalently
W (q,p), from the observation of (z¢|p|xy) is not immedi-
ate and requires the additional reconstruction of the complex
phase of the quantum system from the many angle resolved
measurements. These two operations together are referred to
as quantum homodyne tomography or optical homodyne to-
mography [1].

Tomography algorithms can be roughly classified into two
species: linear and variational methods. The former lin-
ear methods such as the filtered back-projection algorithm
[1, 2] exploit and inverse the linear relationship between
the experimentally measurable quantity (zg|p|zg) and p or
W (q,p). Linear methods, however, suffer in general from
technical difficulties associated with the numerical deconvo-
lution necessary to perform the linear inversion of the Radon
transform[3]. Fortunately, most of their associated problems
are only technical in nature and can in principle be solved.
In [4] it was shown that is it possible to design a linear re-
construction algorithm with better resilience to noise and bet-
ter physical properties overall than the usual filtered back-
projection method for the problem of optical homodyne to-
mography. Different from the usual filtered back-projection
algorithm, this method uses an appropriate polynomial series
to expand the Wigner function and the marginal distribution,
and discretize Fourier space.

We show that this tomography technique solves most
technical difficulties encountered with kernel deconvolution
based methods and reconstructs overall better and smoother
Wigner functions with fewer reconstruction artifacts(see
Fig.1). More precisely, polynomial series tomography is su-
perior with fewer experimental data points and when higher
radial resolution is needed for higher photon number states.
We also provide estimators of the reconstruction errors and
use these estimators to shown that it performs better than
filtered back-projection tomography with respect to statisti-
cal errors. The success of this approach lies in a system-
atic expansion of both the Wigner function W (g, p) and the
marginal distribution p(z, ) in polar coordinates, with re-
spectively the Zernike polynomials and the Chebysheff poly-
nomials of the second kind. We show that the Radon trans-
form preserves the orthogonality of these two families of
polynomials and therefore can be diagonalized so that the in-
verse problem of optical homodyne tomography takes an es-
pecially simple form in this case.
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Figure 1: Comparison between polynomial series tomogra-
phy (left panels, (a), (b) and (c)) and filtered back-projection
tomography (right panels, (e), (f) and (g)) for the state p =
0.8]1)(1] + 0.2]|0)(0] for different sizes of synthetically gen-
erated data sets. Top row (a) and (e) panels, 50 x 10 data
points. Middle row (b) and (f) panels, 20 x 103 data points.
Bottom row (c) and (g) panels, 80 x 10° data points.

This work was partly supported by the SCOPE program of
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programs commissioned by the MEXT of Japan and the
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Robust error bars for quantum tomography
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In quantum tomography, a quantum state or process is esti-
mated from the results of measurements on many identically
prepared systems. Tomography can never identify the state
(p) produced by a quantum device exactly, just as N flips of
a coin cannot reveal its bias exactly. Any point estimate p
has precisely zero probability of coinciding exactly with the
true p, for infinitely many nearby states are equally consis-
tent with the data. To make a tomographic assertion about the
device that is true (at least with high probability ) — we must
report a region of states (Fig. 1).

Figure 1: Point estimators (left) cannot provide meaningful,
rigorous statements about the true (but unknown) state p, but
a good region estimator (right) defines a rigorously valid as-
sertion — “p lies within R with 90% certainty.”

I present here a procedure for assigning likelihood ratio
(LR) confidence regions, an elegant and powerful generaliza-
tion of error bars. LR regions contain the true p with guaran-
teed and controllable probability o ~ 1. Within that [essen-
tial] constraint, they are almost optimally powerful —i.e., as
small as possible. Finally, they are practical and convenient —
for example, they are always connected and convex, and rel-
atively easy to use and describe using convex programming
(see examples in Fig. 2).

Definition 1. Given observed data D, the likelihood is
a function on states given by L(p) = Pr(D|p). The
log likelihood ratio is a function on states given by
Ap) = —2log[L(p)/ max, L(p')]. Given data D, the
likelihood ratio region with confidence o is Ro(D) =
{all p such that X\(p) < A}, where A\, is a constant that
depends on the desired confidence o and the Hilbert space
dimension d.

The threshold value A, plays a critical role: increasing
Ao increases the size of the region (and thus its coverage
probability), but reduces its power (large regions imply less
about p). So A\, should be set to the smallest value that en-
sures coverage probability at least . This optimal value is
hard to compute exactly, but upper bounds are provided in
arxiv/1202.5270 that guarantee coverage probability at
least « (at the cost of slightly increasing the regions’ size).

Discussion: Region estimators generalize the idea of “er-
ror bars”, assigning a data-adapted region (within which the
true state is asserted to lie) of arbitrary shape. To date, most
attempts to assign regions (e.g., via bootstrapping or per-
measurement error bars) have been based on standard errors,

(3)

(b) 1~ —1 -

(©

Figure 2: Examples of 90% confidence LR regions for N =
3 x 20 measurements of {0, o,, 0.}. Rows are distinct
datasets; columns show different views of the same region.

which quantify the variance of a given point estimator. Un-
fortunately, their connection with the experimentalist’s uncer-
tainty about p is tenuous at best, and nonexistent for quantum
state estimation (because all tomographic point estimators are
biased). Confidence regions, a statistically rigorous alterna-
tive, have the defining property that: A confidence region
estimator must assign a region R containing the true (un-
known) p with probability o no matter what p is. This is
not a Bayesian concept; the probability that R contains pis
defined before data are taken, not after. Nonetheless, confi-
dence regions are the most reliable way known to objectively
characterize uncertainty.

The LR prescription is unique among confidence region
estimators because it assigns small regions. The proof (see
arxiv/1202.5270) proceeds in two steps. First, it is
shown rigorously that the smallest average region size (with
respect to any specified distribution y over states) is achieved
by something called a probability ratio estimator. Then, LR
regions are identified as a particularly even-handed example
of probability ratio estimators.

Christandl and Renner recently (arxiv/1108.5329)
introduced a confidence-region construction based on
Bayesian reasoning. Their construction — and its relationship
to LR regions —is quite interesting. The LR regions presented
here appear to be (1) somewhat more powerful, and (2) sub-
stantially easier to construct and apply in real experiments.
Ultimately, a hybrid of the two methods may well dominate
them both.
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Quantum state characterization is essential to the develop-
ment of quantum technologies, such as quantum computing
[1], quantum information [2] and quantum cryptography [3].
The successive measurement of multiple copies of the quan-
tum state and subsequent reconstruction of the state’s density
matrix is known as quantum state tomography (QST) [4, 5].

We introduce and experimentally demonstrate a tech-
nique for performing self-calibrating tomography (SCT) on
multiple-qubit states [6]. Our technique is effective despite
lack of complete knowledge about the unitary operations used
to change the measurement basis. We find that given local
unitary operations with unknown rotation angles, and known
and adjustable rotation axes, it is possible to reconstruct the
density matrix of a state up to local & rotations, as well as
recover the magnitude of the unknown rotation angles.

We demonstrate SCT in a linear-optical system, using po-
larized photons as qubits. An inexpensive smartphone screen
protector, i.e. an uncharacterized birefringent polymer sheet,
is used to change the measurement basis. We go on to inves-
tigate the technique’s robustness to measurement noise and
retardance magnitude, and demonstrate SCT of a two-qubit
state using liquid crystal wave plates (LCWPs) with tuneable
retardances.

The state of a qubit, given by the density matrix p, can
be decomposed into a sum of orthogonal operators p =
% Zf:o Ai0; where ¢ is the identity operator and &1 _3 are
the Pauli matrices. The coefficients \; are given by the ex-
pectation values of the basis operators, \; = Tr[pd;].

Projective measurements of subsequent copies of the state
lead to measurement statistics given by expectation values
n; = N;Tr[pfi;(«)] where o characterizes the projector
fij(a) = Uj(a)TfigU;j(a) with respect to a trusted, fixed
projector fig. N is a constant that depends on the dura-
tion of data collection, detector efficiency, loss etc. The re-
lationship between the measurement statistics and the pa-
rameters which characterize the density matrix is given by
nj = % E?:o Tr[1;(c)65]A;. In standard tomography, o is
a known parameter and it is sufficient to measure only four
different expectation values n; to solve for A;. Given an un-
calibrated unitary operation, i.e. an unknown «, an additional
measurement is required to solve for both \; and «.

For a linear-optical demonstration of this method, we per-
formed SCT on polarization-encoded one- and two-qubit
states. Single-qubit states were prepared by pumping a lmm
long type-I down-conversion beta-barium borate (BBO) crys-
tal with a 405nm diode laser. The detection of a horizontally
polarized photon in one spatial mode of the down-converted
photon-pair heralds the presence of a horizontally polarized
photon in the other mode. Quarter- and half-wave plates
then prepare arbitrary polarization states. For the trusted,
fixed projector, we chose fig = |R)(R|, implemented with a
quarter-wave plate and a polarizing beamsplitter, followed by
coincidence-counting. We constructed additional projectors
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Figure 1: Distribution of states on the Bloch sphere as pre-
dicted by SCT using a smartphone screen protector to change
the measurement basis for: a) high noise; and b) low noise.
Notice the somewhat separate clump of lower-fidelity states
in a). There are 100 states shown in each sphere.

using different orientations of a birefringent polymer sheet.
For multi-qubit tomography, entangled two-qubit states,
[¢) = a|HH) + b|VV), were prepared using two 1mm
long type-I down-conversion BBO crystals with optical axes
aligned in perpendicular planes [7] pumped by a 405nm,
diode laser. The parameters a and b were tuned by chang-
ing the polarization of the pump beam with a HWP. LCWPs
in each arm, implemented the unknown unitary operations,
followed by detection of jig = |R)(R| in both modes.
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This work promotes the use of quantum light in fiber op-
tic ‘shape sensors’ for use in space environments where the
current state of the art, detection of strains around 20nm am-
plitude for light at one micron wavelength, may not pro-
vide enough sensitivity. One application of high relevance
is nextgen space telescopes such as the European Space
Agency’s LISA and GAIA, NASA’s Space Interferometry
Mission (SIM) and the international James Webb Space Tele-
scope. These high performance instruments utilize multiple
telescopes and mirrors [1, 2] or segmented mirror design (Air
Force’s deployable optical telescope [3]) to create large aper-
ture optics or formation-flying of components [4] and all re-
quire sub-nanometer tolerances.

It is known that using quantum states of light may in-
crease the sensitivity of interferometric measurements [5] of
phase, and this translates easily into enhanced measurements
of distance and time, magnetic fields, acceleration and ro-
tation. This is not a notional concept, recently in GEO600
quantum light was utilized in a real-world experimental set-
ting to produce a dramatic decrease in the noise threshold
of a hyper-sensitive long baseline optical interferometer (arm
length 600m) designed to detect gravity waves [6].

Optic fibers can be viewed as two-mode interferometers,
the two fiber polarisation modes are analogous to the two
spatial light modes in a Mach-Zehnder or Michelson inter-
ferometer. Due to the refractive indices being different for
the two perpendicular polarisation modes, the fiber is said to
be birefringent and this leads to a relative phase accumulating
between the two modes of light as they propagate through the
fiber.

N
lp) = Z emine nln)n @ [N —n)y,
n=0
The most general two-mode input state of N photons evolv-
ing in a noiseless environment is given in Eq.(1) a superpo-
sition of IV + 1 possible sharings of the [V photons between
the two polarizations (horizontal and vertical denoted h and
v). Each photon number term with n € [0, N] photons in one
polarisation and N — n in the other accumulates a relative
phase of n(¢ over time (. Previously we explored the limita-
tions imposed on phase estimation by quantum mechanics on
optical interferometers subjected to dissipation, [7, 8].

We calculate the set of input probability amplitudes ¢,, €
[0, 1], weightings that characterize an optimal input state to
be injected into the fiber being utilized as a nano bend-
ing/twisting sensor, which we now explain. Besides the uni-
tary ¢ phase accumulation, another type of dynamics that is
significant for light in optic fibers is the non-unitary process
of depolarisation, where phase information is lost over time.
This is often considered to be a type of non-dissipative noise,
actually more significant in fibers than signal attenuation and
scattering, which is by contrast quite well-characterised. The
depolarising can occur due to random changes in the fiber’s
orientation as it connects one optical component to the next.

€]

Until now, depolarization in fiber was seen as a nuisance,
environmental noise that interfered with the process of phase
estimation [9]. We choose instead to focus on the estimation
of the two-mode optical depolarization channel itself under
dissipative noisy conditions. The mathematical form of this
non-unitary channel is given in Eq.(2), it represents a mix-
ing of the input state py = |¢)(¢| with the maximally mixed
state. Now @ is the depolarizing parameter to be estimated,
monotonic in time and in fiber length:

(1-0) v
po = Lolpo] = bpo+ N 7;) [n) RN =)o (n|n(N—nlo,

(@3]
By establishing quantum states of light that offer much im-
proved sensitivity to this parameter 6§ € [0, 1] over standard
laser light we can potentially much reduce the signal thresh-
old A# corresponding to anomalous bending/twisting in the
fiber. This would allow much earlier detection of such skew
anomalies, e.g. across aircraft control surfaces in flight or
during re-entry, wings/flaps/aerilons as they are subject to tur-
bulent airflow. The quantum shape sensor is also deformable
and can be applied to challenging geometries, e.g. inside
space telescope components and mountings. Due to the small
form factor of these tiny fibers, that may be only the width
of a human hair so many of them in dense arrays can give
hitherto unseen high resolution feedback.
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We employed a 2 channel single-photon detection system
with high detection efficiency and low jitter to characterize
the joint spectral distribution (JSD) of the correlated photons
emerging from a Hong-Ou-Mandel interference (HOMI) ar-
rangement. We show the JSDs between the two output ports
of the 50/50 beamsplitter while scanning the relative delay
between the two photons impinging on the 50/50 beamsplit-
ter. The photon pair source (a pp-KTP crystal, with down-
conversion center wavelength of 1570 nm and about 250 fs
temporal width) and fiber spectrometer to measure the JSDs
is based on Ref 3. The fiber spectrometer employs two fiber
spools of 1.3 km (2.3 km) length, which combined with
the detector jitter results in a spectral FWHM resolution of
5.1 nm (4.8 nm). Our detector system employs two super-
conducting nanowire single photon detectors (SNSPDs) [1]
based on amorphous tungsten silicide (WSi) nanowires [2].
Both channels had a System Detection Efficiency SDE >
50 % at a wavelength (\) of 1570 nm, negligible dark-count
rate, background light count rate (BCR) of 300 cps (1000 cps)
and 140 ps (200 ps) FWHM jitter. The low jitter and low
background rate along with the high detection efficiency al-
lows us to measure the JSD directly based on the timing infor-
mation of the fiber spectrometer with very short measurement
times [3]. We found an overall detection efficiency of 18 %,
which is more than one order of magnitude larger than in pre-
vious studies. Therefore, our coincidence rate was improved
by almost a factor of 1000. Figure 1a shows the JSD of the
photon pairs generated by our source. A circular shape with
some faint side lobes is observed. Note that this data was
acquired in 5 minutes. When interfering both photons in a
HOMI setup we observe the HOMI dip shown in Figure 2.
Note that the asymmetry in the dip originates from the poor
coupling of the photons into the fiber when the delay is far
away from the optimized fiber coupling point at the HOMI
dip. We observe a 69.6 % visibility of the HOMI for this con-
ventional method. Figure 1b shows the relative HOMI dip
intensity JSD observed for the two otput ports of the 50/50
beam splitter of the HOMI setup. The data was obtained by
the ratio of the JSD at At = 0 (point B in Figure 2) and
the JSD At = 0.3ps (point A in Figure 2). The data shows
a minimum coincidence probability at the center of the JSD
and preliminary data analysis reveals a HOMI visibility of
92 % at the center, whereas the side lobe areas do not show
any interference, i.e. zero HOMI visibility. In conclusion, the
highly efficient SNSPDs enable us to study frequency-mode
dependent phenomena of a photon pair source, such as the
JSD dependence of the HOM interference.
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We propose and study quantum receivers for 3- and 4-
ary phase-shift-keyed (PSK) coherent states to outperform
the conventional limit, in the bit error rate (BER), achiev-
able by heterodyne detection known as the standard quantum
limit (SQL). The simplest implementation is known as the
Kennedy receiver for binary PSK signals, which consists of
a displacement operation and an on/off detection[1]. It can
reach very close to the ultimate bound, i.e. the Helstrom
bound. Its extension with feedforward operations is known
as the Dolinar receiver which can theoretically attain the Hel-
strom bound[2]. The class of receivers with displacement
operation, an on/off detection and feedforward operations is
called the displacement receivers. Implementations of them
in the laboratory, still suffered from imperfect efficiencies,
have been reported in the literatures[3].

Figurel shows our simplest structure of the displacement

receiver for 3PSK signals {‘aei%”> (m = 0,1,2)}. The

.

fou Hd=0

"= o2

Figure 1: 3PSK detection scheme

optical signal is split into two paths A and B via a beam split-
ter of reflectance R. On path A the signal is first displaced
with an amount —« such that the signal “0” to be the vac-
uum |0), and detected by the on/off detector, while on path
B the signal is displaced with an amount —ae’3™ such that
the signal “1” is displaced to the vacuum |0). Decision is
made according to (off,off) or (off,on)—*“0", (on,off)—*“1”,
and (on,on)—2”.

This scheme can be extended to N-port detection circuit
with feedforward operations. The basic structure is the same,
i.e. the signal is split into N paths, displaced at each port
and is discriminated by an on/off detector. The displacement
operation at nth path is updated depending on the previous
measurement results up to (n — 1)th path. By increasing the
number of paths NV, the BER can be improved dramatically.

Figure2 shows the tree of possible events for the signal “1”.
Figure3 (a) and (b) presents the theoretical BERs for 3- and
4-PSK signals.

As N increases, the BERs of the displacement receiver de-
crease, approaching the Helstrom, but can never reach it with
remaining a gap. The gap is bigger for 4-PSK signals. This is
in contrast with the binary PSK case, where the displacement
receiver can exactly realize the Helstrom bound in the limit of

Figure 2: Decision tree of possible events for the signal “1” in

the 3PSK receiver with feed-forward to calculate the channel
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Figure 3: (a)3PSK BER(b)4PSK BER- detection efficiency
1=90%, dark count »=10"5count/pulse.

N — oo. Thus as the number of signals M becomes larger,
some new schemes have to be devised to improve the BER
characteristics. It would offer an important insight into quan-
tum information processing to clarify what they look like.
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Laws of quantum mechanics impose fundamental bounds on
measurement precisions of basic physical quantities such as
position, momentum, energy, time, phase etc. Theses bounds
follow from the structure of the theory itself which contrasts
the situation encountered in classical physics where measure-
ment uncertainties are due to factors which in principle may
be eliminated by improving the quality of measurement pro-
cedures. One of the most important measurement techniques
where such bounds have been analyzed is optical interferom-
etry, where the task is to measure phase delay between two
arms of the interferometer.

In general, looking for the optimal phase estimation pro-
tocols is difficult since one needs to optimize over the input
state that is fed into the interferometer, the measurement that
is performed at the output and the estimator — a function
that assigns a phase value to a given measurement outcome.
One of the popular ways to obtain useful bounds in quantum
metrology, without the need for cumbersome optimization, is
to use the concept of the quantum Fisher information (QFI)
[1,2].

In [3] we have shown that in general, if one simply cal-
culates QFI, one arrives at a physically counterintuitive re-
sult that the precision depends strongly on the way the phase
shift between the beams is modeled inside the interferometer
(Fig. 1). The explanation of this fact is that the information
about phase is only available if one has the access to the addi-
tional reference beam with respect to which the phase delay
 is defined, in other words, there is no such thing as an ab-
solute phase shift.
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Figure 1: An interferometric scheme with coherent and
squeezed vacuum states interfered at a beam-splitter, with
arbitrary quantum measurement potentially involving an ad-
ditional reference beam. The interferometer phase delay is
modeled in three ways.

We managed to solve the problem in the absence of refer-
ence beam, which means that one should use not the simple
tensor product of two states at the input of the interferome-
ter but rather a phase averaged state given by a density ma-
trix. In such case only the relative phase between the beams
is taken into account, which makes the result independent on

the model of phase shift.

Finally we analyzed the setup in which we have access to
very strong reference beam which means that in the two input
ports of the interferometer we have states with well defined
phase. In such case we have to introduce instead of one pa-
rameter ¢, two parameters ¢1, @2, which are phase shifts in
the upper and lower arm of the interferometer (see Fig. 1). To
solve this problem we have used Fisher information matrix
and get a result, which indicates that in general, precisions in
the presence of the reference beam and without it are differ-
ent. On the other hand they are the same if the state after the

beam splitter is path-symmetric, which in the lossless case

can be done simply just by taking balanced beam splitter.
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Figure 2: Bounds on the phase estimation precision optimized
over «, r and 7 with the constrained average photon number
7, in case of an ideal (black) and lossy (gray) interferometer.
Different curves correspond to QFI calculated using differ-
ent models (i) - dotted, (ii) - dashed, phase averaged state -
solid. In case of a lossy interferometer the additional refer-
ence beam may improve the precision (gray region) while for
the ideal interferometer these quantities coincide.

In summary we have pointed out some possible flaws in
the interpretations of the results obtained using the QFI for
states which are superpositions of different total photon num-
ber terms and showed that the full understanding of the prob-
lem is only possible if the role of an additional reference beam
is properly taken into account.
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The field of Quantum Metrology has attracted attention in
recent years due to the possibility of improving the sensitivity
of interferometric measurements, and fundamental interest
in the limitations imposed on the accuracy of a measurement
by quantum mechanics. In a measurement of a phase ¢ using
n detections of uncorrelated photons, statistical uncertainty
in n limits the accuracy with which 6 is known to the
standard quantum limit (SQL), A > 1//n. However using
entangled photons it is possible to beat the SQL and reach
the Heisenberg limit, A9 > 1/n [1].

Experiments in quantum metrology have used down-
conversion sources of indistinguishable pairs of photons
and Hong-Ou-Mandel (HOM) interference to generate
entanglement and beat the SQL[2, 3]. Instead, we produce
path entangled states by placing a pair photon source in each
arm of the interferometer. This removes the requirement
of indistinguishability between the signal and idler of the
pairs, and the need to accurately overlap two modes at a
beamsplitter for HOM interference, making this a relatively
robust approach. Our source is based on four-wave mixing in
photonic crystal fibre (PCF), pumped by 720nm picosecond
pulses from a Ti:Sapphire laser, generating signal and
idler photons widely spaced from the pump and entirely
distinguishable by wavelength at 620nm and 860nm [4].
We used an automatically stable Sagnac interferometer with
clockwise and counter-clockwise paths passing through a
15cm length of PCF, allowing the generation of pairs in either
direction, then monitored both outputs of the interferometer
for photons at the signal and idler wavelengths. A variable
phase delay between the clockwise and counter-clockwise
path was realised with a birefringent plate.

Assuming that a signal-idler pair is produced in either path
with equal probability, and allowing that the wavelength de-
pendence of the phase delay will result in different relative
phases for signal and idler, 6, and 6;, we can write the state
inside the interferometer in the photon number basis:

_ 11)1510)25]1)14]0)2i + e 0sH910) 15]1)24]0)1i1) 2
V2
(D

Here the two paths are labelled by the subscripts 1 and 2,
and the subscripts s and i indicate signal and idler. The state
evolves with a total phase 65 + 6;, oscillating sinusoidally
between the two extreme cases where either the photons
always emerge from the same interferometer output as each
other, or separate ones. This behaviour is identical to a two
photon NOON state. However, for 2-NOON experiments
with downconverted light, the wavelength of a photon pair
is double that of the pump laser. Ignoring the effects of
dispersion, the phase accumulated is inversely proportional

|¥)

to wavelength, § = 27nL /), so that in measuring a length
L with refractive index n, there is no advantage in using the
two entangled photons compared to classical interference
with the pump laser. For a four-wave mixing source we
expect that 0 + 6; ~ 20, so that the two photon fringe has
about half the period of a classical one, and an advantage in
sensitivity is seen when measuring the optical pathlength.
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Figure 1: Interference with (a) Classical power measurement
(b) Two photon coincidences (c) Four photon coincidences
(d) Six photon coincidences at high pump power.

We confirm this experimentally by comparing classical in-
terference of the pump laser (Fig. 1la) to two photon coin-
cidences (Fig. 1b). The two photon fringe visibility is well
above 70.7%, the usual threshold for beating the SQL. We
will also discuss using entangled states of 4 and 6 photons in
this setup, and present results for fringes with 1/4 and 1/6 of
the pump wavelength (Fig. 1(c) and (d)).
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In this work we discuss the observation of a single spin un-
der a strong magnetic field by transferring the coherence to
a high energy level state of the harmonic oscillator which is
composed of an inductor L connected to a capacitor C, all
metallic parts being superconducting. The Hamiltonian of the
circuit can be written as

1
H = hw (bTb+§>,

where b' and b are the creation and the annihilation operators
for photons in the resonator and w = #C is the resonance
frequency of the circuit, which is tuned to the Larmor fre-
quency. Taking the magnetic flux, ¢ induced in the inductor
to be along X-direction, the interaction between the nuclear
spin and the flux can be written as

M

where J. is a coupling constant, B, = b + b, and I, is
x-component of the nuclear spin operator. However, for the
sake of simplicity, the interaction Hamiltonian is assumed to
be written as

Hj;=hJ.(B.1. + Byly), 3)

where B, = bf — b, and I, is y-component of the nuclear
spin operator. Supposing the LC circuit is tuned the Larmor
frequency, the total Hamiltonian is given as

H, = —hwl, + hw (b*b+ %) +Je (BT +bIT), (4

where It = I, +il,, and I~ = I, — il,. We can take as
a convenient basis for the oscillator states of the eigenvectors
of i = bib:

ln) =nin).

(5)
Supposing spin=1/2, we can take a basis as for the nuclear
spin states of the two [J eigenvectors of [:

1 1
Using these bases, we can write arbitrary states of the system
as

m=1,n=n,

2

m=0,n=0

Im) ® |n), @)

1
V=
V2(ne+1)
where n. is defined by the critical current of the supercon-
ducting inductor or the capacitor. Now consider the motion
of the LC circuit when the initial state is given by

YO = (e ek, ®

Then, the expectation value of B, = b + b, which corre-
spond to the current induced the precessing nuclear spin in
the inductor, is given as

By (t) = (W (0) [ef ot (b1 + b) e~ 7ot W (0))
= [(Vn+1+n)sin{(vVn+1—/n)Jct}
+ (Vn+1—/n)sin{(vVn+1+n)J.t}].

From this result, the maximum amplitude of the induced cur-
rent is approximately proportional to /n, though the time
required to transfer the coherence to the LC circuit increases
with y/n. The numerical calculation results regarding the ex-
pectation values on the frame rotating with w is shown in
Figure 1. This fact indicates that we can amplify the mag-
netic resonance signal by increasing the initial energy level of
the superconducting current in a macroscopic quantum pure
state, and which must be measured with slight dissipation
by using superconducting mixer and SQUID [1], and which
means that if the initial state could be prepared, we can ob-
serve arbitrary quantum states of a single nuclear spin without
the reduction. In principle, we cannot measure the expecta-
tion values of I, and I, simultaneously with high precision,
however, it seems that this observation method would allow
to measure the both I, and I, successively by applying a 5
pulse after the observation. The details of this process will be
described and discussed in this work.
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Figure 1: The calculation results of the expectation values
of I, and I,, and the energy and the induced current of the
harmonic oscillator are shown, where J. = 0.01. The n’s
indicate the energy level number of the initial state.
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Quantum tomography has become a standard method in or-
der to demonstrate the quality of a preparation of a quantum
state or of an implementation of a quantum gate. Since the
experimental progress meanwhile allows to manipulate very
large quantum system, the number of events per measurement
outcome in a tomographic scheme has outcome becomes very
low—in particular due to time constraints and issues concern-
ing the stability of the experiments. This leads to the problem
that a naive evaluation of the tomographic data yields mani-
festly unphysical results. As a countermeasure, the analysis
of the experimental data has become subject to sophisticated
statistical methods, the most prominent being the maximum
likelihood method [1], but also Bayesian methods [2] or max-
imum entropy methods [3] have been suggested.

However, as the quantum systems under investigation be-
come large and larger, the actual experimental implementa-
tion becomes increasingly difficult and the question, whether
the experiments suffer from calibration errors and other
sources of systematic errors becomes more and more ur-
gent. The evaluation schemes in use today, unfortunately, do
not take into account any kind of systematic errors—in fact
even completely unphysical data could yield a perfectly valid
quantum state. We here present a rigorous treatment in order
to detect situations, where the systematic errors are significant
compared to the uncertainty that arises due to the stochastic
nature of the measured data.

A common tomography protocol is the Pauli measurement
scheme, where for each of the 3" possible combinations of
Pauli operators on n qubits, one locally measures in the as-
sociated eigenbasis, yielding 2™ outcomes per setting. More
generally, a tomography protocol consists of several measure-
ment settings « with outcomes i|a. If the system is in the
state gexp, then the probability for the outcomes 4|« is given
by pija = t1(Ej|q Oexp ) Where Ej|, denote appropriate oper-
ators describing the measurement apparatuses.

The general hope now is, that if each measurement is re-
peated sufficiently often, then the observed frequencies f;),
will be rather close to the predicted probabilities p;|,. If this
is the case, a least square approach will yield a reasonable es-
timate |5 for the true state geyp. (This procedure is also called
linear inversion.) However, in the case of low sampled data,
01s Will have negative eigenvalues and this could not only be
a sign of stochastic fluctuations, but could also very well be
an indication of systematic errors. We can distinguish both
situations, by virtue of the following result:

Assume, that two sets A and B of experimental data
have been taken from the same state ey, and that |¢p) with
(¢[v) = 1 minimizes (¥b|o{|1). If no systematic error is
present, then for any ¢ > 0, we have

Prob[(4|off [¢)) < —t] < exp(—t*Np/consty), (1)

where Np is the number of samples per setting for the data
set B. (This is a special case of a much more general result.)

This has a twofold interpretation. Firstly, if no systematic
error is present, then the data set A cannot be used to guess
a direction [¢)) for the data set B, such, that the naive recon-
structed state has a negative exception value in that direction,
(¥|0B|y) < —t. Secondly, we may use this result in order
to check, whether the description of the measurements by the
operators Ej, is in contradiction to the data. This is possible,
since our result is of the form, that under the assumption that
the data were sampled from p;|o, = tr(Z;|q 0cxp ) We have

Prob[T'(data) > t] = Fn(t), 2)
where T'(data) is a function of the combined data A and
B and we at least know an upper bound on the function
Fn(t). Hence, the p-value Fyy[T(data)] is a probability, un-
der which—at most—the data are consistent with the em-
ployed description Ej,.

While Eq. (1) holds independent of the sample size, we go
further and provide a (potentially stronger) test that does not
require two independent data sets A and B, if the sample size
is moderately high. This test is based on the likelihood ratio
method and a result due to Wilks [4]. The test is of the form
(2), where the function 7" can be computed by means of cone
programming and the function Fi (t) is approximated very
well by an explicitly known function.

Finally, we demonstrate the practical use of our theoretical
results by applying them to experimental data obtained on an
ion trap quantum processor. In particular, if a typical system-
atic error is introduced on purpose (an increased “cross-talk”
during the measurement process), we find that our methods
very reliable detect such errors and lead to a refutation of the
data. We also apply our results to measurements with a high
number of samples (= 7000) per setting, to a situation where
the experiment suffered from intensity fluctuations, and on
low-sampled data of a 5 qubit tomography. In summary, our
methods are well-suited to detect typical systematic errors
and can be directly applied to experimental data—even if only
a low number of samples was taken.
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Over the last decade, the world has witnessed the birth of a
generation of technologies that exploit the unique features of
quantum mechanics [1, 2]. Investment in these technologies
has reached the multi-million dollar scale. These technolo-
gies have applications in precision metrology [2, 3], quantum
information processing and quantum cryptography [4, 5]. Fu-
ture development of these technologies will require the pre-
cise control of non-trivial quantum systems.

Engineers and physicists alike have attempted to use quan-
tum control to connect the physical realisation of quantum
states to applications in technology. To this date there has
been significant success controlling small quantum systems
[6, 7, 8]. However, there has been limited application to large
quantum systems. In order for quantum control to be viable
technological application it needs to work on large systems.
An interesting, large quantum system is a Bose-Einstein con-
densate (BEC) [11]. We will investigate the prospect of using
active measurement feedback control to drive a BEC to a sta-
ble spatial mode.

The problem was approached from a quantum control per-
spective where we used quantum filtering theory to generate
a best estimate of the BEC state conditioned on continuous
weak measurement. Using this model we were able to address
two important issues: the effect of the inclusion of technical
noise on the control, and whether the semiclassical model was
valid for a BEC under a continuous weak measurement.

One of the most important points of this investigation, vi-
tal for any possibility of experimental implementation, was
the inclusion of technical noise in the model. In order to re-
duce computational time a semiclassical approximation was
made - an assumption that the system had fixed number. Un-
like previous approximations, where the measurement was
solely corrupted by vacuum noise, we included noises caused
by experimental imperfections. In this manner we demon-
strated that our control was robust against changes in effi-
ciency, noises in the modes of the trap and the addition of
a time delay between the system and filter. Including these
noises did not significantly impact on either the steady state
the model reached or the time it took for the model to reach
this steady state. It was conjectured that these results meant
that our model could be assumed to be in a pure state, and thus
our new approximation could be considered to be equivalent
to the Hartree-Fock approximation.

Previously it had been shown that an optimum value for the
measurement strength, «, existed [10]. In this investigation it
was shown that changing this variable led to roughly linear
scalings in the final energy. However, decreasing « led to an
increase in the time taken it took the energy to reach a steady
state. Our optimum value was chosen such that it cooled to
the minimum energy possible within the lifetime of the BEC.
It was found to be o = 0.1w, where w is the filter’s trap
frequency.

Although the Hartree-Fock approximation is a valid semi-

classical approximation for many systems, it leaves out dy-
namics of the BEC which may be important. To gain some
insight into this issue, we examined the filter in the case of
a full field model and compared it to the Hartree-Fock ap-
proximation. The full field model was simulated using a
new stochastic technique developed by Michael Hush ez al
[1]. It was shown that for fine spatial resolutions in the mea-
surement the full field model heated indefinitely, in contrast
to the Hartree-Fock model which cooled to a stable spatial
mode. It was hypothesised the Hartree-Fock approximation
suppressed some of the spontaneous emission, as only col-
lective emission events can occur. In the full-field model, the
atoms can be excited individually and the spontaneous emis-
sion is fully retained.
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Motivated by recent experiments that made the information
stored in the scattering matrix of a complex system accessible
to measurements [1, 2], we propose a procedure which em-
ploys this information for the generation of wave scattering
states with particlelike properties [3]. Specifically, our proce-
dure allows us to generate stationary waves which follow the
bouncing pattern of a classical particle throughout the entire
scattering process. This goal is achieved through the so-called
Wigner-Smith time-delay matrix [4] which measures the time
that a wave spends inside a scattering region.

We illustrate the operation of our procedure by way of the
scattering setup shown in Fig. 1, consisting of a rectangu-
lar, two-dimensional scattering region to which two leads are
attached to the left and right. When injecting through the
left lead a superposition of waves into this cavity the result-
ing scattering state will typically fill the whole cavity area
(see Fig. 1a). In our procedure we use the system’s scatter-
ing matrix to evaluate the eigenstates of the Wigner-Smith
time-delay operator. In this way we select from all the possi-
ble scattering states those which feature a well-defined time-
delay between the moments when the wave enters and leaves
the cavity. The states resulting from this condition are fo-
cused wave beams which follow the trajectory of a classical
particle in the cavity and which, correspondingly, cover only
a small fraction of the cavity area (see Fig. 1b). Quite dif-
ferently from ordinary scattering states our particlelike beams
also have the deterministic property of leaving the cavity only
through one of the two leads rather than through both.

These “classical” properties are particularly useful for a
number of applications. Consider, e.g., the situation shown in
Fig. 1b where a signal is transmitted from the cavity entrance
(A) to the exit (B) without an eavesdropper (E) being able to
intercept the transmission. The highly collimated wave fronts
resulting from our procedure might also prove useful for low-

{a1) - (b}
L S e

, 2 '__—'_—'T-P'

Figure 1: Scattering throuh a rectangular cavity confined by
hard-wall boundaries. Two wave guides are attached to the
scattering region, flux is injected from the left. The left panel
(a) shows the intensity of a scattering state with typical wave-
like properties like diffraction and interference. The right
panel (b) shows a scattering state as resulting from our proce-
dure: The wave displays particlelike features by following the
trajectory of a classical particle throughout the scattering pro-
cess. The insets illustrate the possibility to use such a state for
transferring information between a sender (A) and a receiver
(B) which bypasses a potential eavesdropper (E).

power communication where all the flux emanating from a
sender/emitter is directed to the envisioned receiver/target.

We emphasize that our procedure is generally applicable to
different types of waves (quantum, acoustic, electromagnetic,
etc.). It can be applied to very general types of scattering
systems of which the scattering matrix and not necessarily the
geometric details are known. These results pave the way for
the experimental realization of highly collimated wave fronts
in transport through complex media.
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Quantum manipulation protocols for quantum sensors and
quantum computation often require many single qubit rota-
tions. Most rotation protocols assume that the phase of the
field that rotates the qubit is perfectly stable, and that imper-
fections arise only due to slowly varying amplitude errors or
detuning errors. Composite rotation sequences can be used
to reduce these errors to essentially arbitrary order. However,
the phase of the qubit-field coupling is never perfectly stable,
largely due to phase noise in the local oscillator used to gen-
erate the field. The impact of phase noise on qubit rotations is
often neglected or treated only for special cases. We present a
general framework for calculating the impact of phase noise
on the state of a qubit, as described by its equivalent Bloch
vector. The analysis is very general, applying to any Bloch
vector orientation, and any rotation axis azimuthal angle for
both a single pulse, and pulse sequences. Experimental ex-
amples are presented for several special cases. We apply

the analysis to commonly used composite pulse sequences
used to suppress static amplitude and detuning errors, and to
spin echo sequences. We expect the formalism presented will
guide the development and evaluation of future quantum ma-
nipulation protocols.

—
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Figure 1: a: Phase modulation of the local oscillator causes
modulation of the rotation axis (green arrow) about its mean
orientation, here along X or ¢z = 0. The final Bloch sphere
of points is deflected by an amount described by a small rigid
rotation R,(—j.)R.(j,) where j.,j, are small angles de-
pending on the modulation amplitude, frequency and phase.
The deflection of a Bloch vector depends on the ideal final

vector J%. If a set of possible deflections for an ideal final

vector J% along X is described by a circle 373 + B = const

(shown outside sphere for clarity), the same set of deflections
for other J% are described by ellipses and lines centered at J.
b: The noise mapping shown in (a) for ¢ = 0 and for J$ on
the equator can be equivalently demonstrated by keeping the
final vector oriented along J% = X and varying the rotation
axis ¢r. The observed noise variance V., (solid circles) of
the vector projection along Z varies as the predicted cos? ¢
(solid line).
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The dynamics for an open quantum system can be ‘unrav-
elled’ in infinitely many ways [1], depending on how the envi-
ronment is monitored, yielding different sorts of conditioned
states, evolving stochastically.

In the case of ideal monitoring these states are pure (as-
suming we monitor for sufficiently long), and the set of states
for a given unravelling forms a basis (which is overcomplete
in general) for the system. Let us denote the unravelling
(i.e. monitoring scheme) by U and the pure states obtained
under a given unravelling by {7 }s, where each 7 is ob-
tained with probability o, and the superscript on the state
denotes its dependence on U. It has been argued [2] that the
‘pointer basis’ as introduced by Zurek and co-workers [3],
should be identified with the unravelling-induced basis which
decoheres most slowly, where the rate of decoherence may
be characterized by the inverse of the mixing time 7,ix, de-
fined as follows: We start by assuming that our system has
evolved, under the master equation p = Lp, to its steady state
pss- We then monitor our quantum system with unit detec-
tion efficiency until a pure state w,t’ is obtained. The mixing
time is defined as the time required on average for the pu-
rity to drop from its initial value (being 1) to a value of 6 if
the system were allowed to evolve under the master equation
(or in the language of quantum measurement theory—under
unconditional evolution). It thus satisfies

E{Tr{{ exp(L Tmix) W,LCJ }2} } =0, @)
where E{ X } denotes the ensemble average of X. Remember
that ﬂ']lcj is random, realized with probability p). We will write
0 = 1 — e and take 6 to be close to 1 (or equivalently € close
to zero).

Here we show the applicability of this concept of pointer
basis to the problem of state stabilization for linear Gaussian
(LG) quantum systems. An LG system is defined by linear
stochastic differential equations driven by Gaussian noise for
(1) the system configuration in phase space

iz(élaﬁ17627ﬁ27~-'7éN7ﬁN)T7 (2)

(with [§;, pr] = 90,1) and (ii) the measurement output y:
dz = Axdt+ Bu(t)dt+ Edvy(t), 3)
y(t)dt = C{(Z)cdt+ dvy(t), 4

where A, B, E, and C are all constant matrices; dv,,(t) and
dvy, (t) are vector Wiener increments; and (&). = Tr[&p.]
with p. denoting the system state conditioned on the history
of y(t). The vector w(t) is the control input, taken to be of the
formu(t) = —k{(&(t))./7},;, Where k is a dimensionless real

mix
number and 75, is the mixing time of the pointer basis with

Gaussian initial states (i.e. each 7 has a Gaussian Wigner
function).

We prove that, for LG quantum systems, if the feedback
control is assumed to be strong compared to the decoherence
of the pointer basis (i.e. when k& > 1), then the system can
be stabilized in one of the pointer basis states with a fidelity
in the long-time limit (F5) close to one. It can be shown in
general (i.e. 6 not necessarily close to one) that

—1/2

Fg=[1-(1-07?)/4k] , (%)

where the superscript ss means ‘steady state’ and the sub-
script fb means ‘feedback.” When @ is close to one this sim-
plifies to Fj;> = 1 — ¢/(4k). When 0 is close to one the
purity (P5)) of the feedback-stabilized state can also be de-
rived: P5¥ =1 — €/(2k). Moreover, the optimal unravelling
for stabilizing the system (in any state) is that which induces
the pointer basis. This is interesting since in general the opti-
mal unravelling in the feedback loop is target-state dependent
[4].

Classical systems undergoing continuous observation and
control with dynamics satisfying Eqs. (3) and (4) are widely
studied in optimal feedback with the criterion of optimality
being a quadratic cost function (quadratic in & and u). Such
a problem is termed LQG control [5] and we show that our
results can also be obtained within the established framework
of quantum LQG control when the cost of control tends to
zero (as one might guess) [6].

We illustrate these results with a canonical decoherence
model that is LG: quantum Brownian motion. We show that
even if the feedback control strength is comparable to de-
coherence, the optimal unravelling still induces a basis very
close to the pointer basis. However if the feedback control is
weak compared to the decoherence, this is not the case.

References
[1] H.J. Carmichael, An Open Systems Approach to Quan-
tum Optics (Springer, 1993).

[2] D. Atkins, Z. Brady, K. Jacobs and H. M.Wiseman, Eu-
rophys. Lett., 69, 163 (2005).

[3] W. H. Zurek, S. Habib, and J. P. Paz, Phys. Rev. Lett.,
70, 1187 (1993).

[4] H. M. Wiseman and A. C. Doherty, Phys. Rev. Lett., 94,
070405 (2005).

[5] E. Hendricks, O. Jannerup, and P. H. Serensen, Linear
Systems Control (Prentice-Hall, 1980).

[6] H. M. Wiseman and G. J. Milburn, Quantum Measure-
ment and Control (Cambridge University Press, 2010).

P1-30



140

QCMCy:,

Vienna, Austria

Continuous Variable Quantum Key Distribution: Finite-Key Analysis of Compos-

able Security against Coherent Attacks

Fabian Furrer', Torsten Franz', Mario Berta®, Volkher B. Scholz?, Marco Tomamichel® and Reinhard F. Werner!
nstitut fiir Theoretische Physik, Leibniz Universitit, Hannover, Germany

2Institm‘ﬁir Theoretische Physik, ETH, Ziirich, Switzerland

Quantum key distribution (QKD) is the art of generating
a shared key between two distant parties (Alice and Bob),
secret from any eavesdropper (Eve), using communication
over a public quantum channel and an authenticated classical
channel. We consider here a continuous variable (CV) pro-
tocol using two-mode squeezed vacuum states measured via
homodyne detection. We present a security analysis against
coherent (general) attacks, which provides a lower bound on
the number of secret bits that can be extracted from a finite
number of runs of the protocol. This is the first security anal-
ysis for a CV protocol resulting in a positive key rate while
taking into account that only a finite number of measurements
are performed (finite-key analysis) and being secure against
coherent attacks.

Before, finite-key effects for CV schemes were only an-
alyzed for the case of collective Gaussian attacks [2]. It is
generally argued that the results of [3] based on a quantum
de-Finetti theorem together with an energy bound imply se-
curity against coherent attacks (which is true in the case of
infinitely many measurements). Unfortunately this argument
leads to very pessimistic bounds for the key rate in the finite-
key regime and is generally not robust in experimental param-
eters.

As opposed to most literature on CV QKD, the security
definition we use in our analysis is composable, which means
that the protocol can be securely combined with any other
composable secure cryptographic primitives. The key ingre-
dient in our security proof is an entropic uncertainty relation
with quantum side information [4] generalized to continuous
variable systems [5], which offers an elegant way to proof
security for generic protocols.

In the protocol, Alice prepares 2N two-mode squeezed
states from which she sends one part to Bob. Both apply
homodyne detection to measure randomly one out of two
conjugated quadratures. The measurement outcomes are dis-
cretized by dividing the real line into intervals of length § and
whenever a quadrature outcome higher than a certain thresh-
old « is measured, the protocol is aborted. By means of clas-
sical communication, Alice and Bob discard all measurement
results in which they have measured different quadratures and
end up with roughly NV data points X 4 and X . After check-
ing the correlation between X 4 and X 5 on a random sample,
they either proceed with error correction and privacy amplifi-
cation or abort the protocol (see [1, 5] for details).

The length of the secure key that can be extracted is lower
bounded by [6, 5]

€
min

1
(Xa|E)., — leakgc — log o (1

where HE; (X |E), is the smooth conditional min-entropy
of X4 given E [6], leakp is the number of bits broadcasted
in the error correction step, and ¢, € are functions of the se-

curity parameters. The state wy , g between Alice’s measure-
ment outcomes and Eve is not known and the corresponding
conditional min-entropy has to be estimated given the mea-
sured data. This is achieved by an entropic uncertainty re-
lation for smooth entropies [4, 5] limiting Eve’s information
about X 4 given Bob’s knowledge X . But the latter infor-
mation is accessible (it is with Alice and Bob) and can be
estimated by a generalized Hamming distance between X 4
and X g (see [1] for details).
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Figure 1: Key rate for an input squeezing/antisqueezing of
11dB/16dB and additional symmetric losses of 0% (solid
line), 4% (dashed line) and 6% (dash-dotted line).

In Fig. 1, we plotted the optimized key rate for a
two-mode squeezed state with squeezing/anti-squeezing of
11dB/16dB [7] depending on various symmetric losses and
excess noise of 1%. This shows that a positive key rate se-
cure against coherent attacks is possible using experimental
parameters reachable today. Finally, we also compare this
with a finite-key analysis only known to be secure against
collective Gaussian attacks. We find that the resulting gap
between the two rates basically emerges because the uncer-
tainty relation we use is not tight for Gaussian states.
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We discuss the use of an heralded noiseless amplifier in
continuous variables quantum key distribution. We specifi-
cally consider the GGO2 protocol [1], using amplitude and
phase modulated coherent states with reverse reconciliation,
and show analytically that the key rate between Alice and
Bob in presence of a noiseless lossy channel cannot be
improved using this device, for a constant reconciliation
efficiency. We also consider the case of a signal-to-noise-
dependent reconciliation efficiency, and show numerically
that in that case the amplifier could increase the distance of
the transmission.

The performances of quantum key distribution (QKD)
schemes are affected by non-ideal behaviors of the compo-
nents, such as losses in the transmission channels, which con-
tribute to decrease the mutual information shared between the
partners involved. While amplifiers can effectively recover
classical signals, they only offer limited advantages when
working on quantum signals, as amplification is bound to pre-
serve the original signal to noise ratio (SNR) [2].

Recently, it has been realised that, since the SNR has to
be preserved only on average, one can harmlessly conceive a
noiseless linear amplifier (NLA) which, by a probabilistic op-
eration, can increase signals, while retaining the initial level
of noise [4, 5]. The question arises if this more sophisticated
device can deliver a compensation of losses with a success
rate such that it may improve the key rate AI=Flsp—Ipg
(where g is the reconciliation efficiency).

We investigate this question when Bob uses a perfect NLA
described by ¢", where g is the gain and 7 the number op-
erator. Prior to any classical communication with Alice, Bob
receives a thermal state whose variance depends on Alice’s
modulation. We show that for this thermal state, the proba-
bility of success of the NLA is fundamentally limited to at
most 1/g¢2.

In the Entanglement-Based representation of the protocol
[3], the effect of the NLA can be described by introducing
an effective modulation variance and an effective transmis-
sivity, both increasing with the value of the gain [4]. Since
the post-selected states remain gaussian, one can compute the
corresponding key rate A79 using their covariance matrix.
Furthermore, since the relevant quantity is the maximal key
rate achievable over a given channel, Alice is allowed to op-
timize her modulation variance in order to maximize A and
AVER

In the case of a constant reconciliation efficiency, we prove
that the maximal average key rate g%AI,gmm obtained with
the NLA is always smaller than the maximal key rate Al 4,
which can be obtained without it.

The hypothesis of a constant S may not be satisfied by the
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Figure 1: Maximized key rate as a function of the distance of
transmission. [ denotes a constant reconciliation efficiency.
Bsnr denotes a SNR-dependent efficiency, decreasing for
small SNR, with a limit value of 0.95 for high SNR.

commonest and simplest protocols for reconciliation: we pro-
ceed in our analysis by adopting a simple model to describe
its variations with the SNR. We show that this dependence
leads to a maximal distance of transmission which can be in-
terestingly increased using the NLA, as shown in Fig. 1.

Finally, we also consider a lossy channel with thermal
noise, and highlight some interesting behaviors.
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The long-distance implementation of a quantum key distri-
bution (QKD) protocol is challenging because quantum sig-
nals cannot be copied accurately. This being the basis of
the protocol’s security, it also forbids the use of classical
repeaters to boost the signal when transmission losses be-
come significant. Without practical quantum repeaters yet
available, current implementations of QKD are limited to dis-
tances of only a few hundred kilometres [1].

The successful demonstration of free-space transmission
of quantum signals over such a distance [2] illustrates that a
QKD link between the Earth and a satellite is feasible. Such
links present a way to significantly extend the reach of QKD,
potentially to the global scale [3]. Additionally, they also
present the opportunity of testing quantum theory in previ-
ously unexplored regimes of distance, velocity, and gravita-
tional gradient. The Canadian Space Agency is studying a
proposal, entitled Quantum Encryption and Science Satellite
(QEYSSAT), in which a microsatellite in low Earth orbit will
act as a trusted node, establishing shared secure keys between
two ground locations via night-time photonic quantum links
as the satellite passes over each site.

As part of the feasibility study of the QEYSSAT proposal,
we have conducted a thorough analysis of the optical link and
its suitability in both the generation of a secure quantum key
and to perform quantum entanglement tests. Our findings in-
dicate that of two possible scenarios—uplink (quantum sig-
nals sent from ground to space) and downlink (quantum sig-
nals sent from space to ground)—an uplink, while experienc-
ing greater losses, is certainly a feasible approach. In fact, the
uplink scenario has many advantages owing to its reduced
complexity and lower storage, processing, and communica-
tions requirements, and the additional flexibility of having
(potentially various) sources located on the ground.

In our analysis we consider numerous phenomena which
are likely to affect the optical link performance, includ-
ing turbulent beam divergence effects, atmospheric transmit-
tance, diffraction, source/receiver telescope sizes, and detec-
tor noise due to natural sources and artificial sources at differ-
ent ground locations and inherent dark counts. Many of these
parameters vary with the elevation angle of the satellite with
the ground station. We perform exhaustive numerical calcula-
tions to determine the amount of secure key such a link would
provide for several of these parameters as the satellite orbits.
For the QEYSSAT uplink scenario, we calculate several hun-
dreds of kilobits of secure key can be extracted per satellite
pass, given typical passes under reasonable conditions, and a
high-performing 300 MHz weak coherent pulsed source.

Following the link analysis, we expect to experience pho-
ton losses of 38 dB (mean useable) to the order of 50 dB. Ex-
periments have demonstrated that QKD can in principle be
performed with up to 55dB of loss [4], but the cryogenic
cooling required to operate low-noise superconducting detec-
tors is generally considered too impractical for a satellite pay-
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Figure 1: Calculated loss due to effects on the optical link.

load. Some of us recently showed that commercially avail-
able Si-APD photon detectors and advanced timing analysis
can achieve the transmission of quantum signals sufficient for
QKD at up to 57 dB of photon loss [5]. Based on this work,
we are constructing a fully-operating QKD receiver system,
developing the operational protocols necessary to facilitate
QKD under a restricted resource environment, and employ-
ing a new receiver apparatus constructed from commercially
available, largely off-the-shelf, optical components. Our goal
is to develop the necessary technologies for a satellite-based
quantum receiver by building a complete working quantum
receiver system that in many ways reflects the requirements
of a final satellite payload and operations platform.

Our optical link analysis and experimental demonstrations
provide a crucial basis for the advancement of the QEYSSAT
mission and the utility of quantum receivers on satellite plat-
forms. They show that these concepts are feasible and achiev-
able with current technologies, and thereby offer vital support
to the development of platforms for global quantum-secured
communications.
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Many applications of quantum communication, such as
device-independent Quantum Key Distribution (DIQKD) [1],
quantum repeater protocols [2], rely on high fidelity multi-
photon interference experiments. Pure states of narrow band
photons are required for these purposes, and an interesting
problem is how to engineer and characterize sources of such
quantum states [3]. We are currently working on several ap-
proaches for generating photon pairs and heralded photons
sources using both SPDC in PPLN (type II and 0) as well as
four wave mixing in fibre. In a communication experiment,
at least one of the photons of the pair should be in telecom
regime and coupled into a single mode fibre. As such we de-
fine a single spatial mode, but in order to have pure photons
we also need to efficiently select a single spectral mode.

In particular, we study how to characterize and eventually
improve the spectral purity of these quantum states, compar-
ing several approaches and exploring different regimes (such
as high and low pump power, with both pulsed and continu-
ous wave pump laser).

A well known method to have some information about
the spectral properties of photon pairs generated via SPDC
is to measure the joint spectral density function of the state
S(ws,w;) (see Fig. 1), scanning the wavelength of the two
photons with two narrow band filters. However, in many of
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Figure 1: joint spectrum in case of not perfectly pure photons.

the cases that we are interested in, the tunable narrow band
filters are already too broad for our photons. Therefore, we
are looking for an experimentally feasible means of measur-
ing the purity in this regime.

Measuring a HOM dip between photons belonging to the
same pair gives us some information about the indistinguisha-
bility of the photons but not their purity. To access the purity
one normally needs to perform a much harder task and mea-
sure the HOM dip between two photons coming from two
different sources. The visibility of this dip will depend on
both the purity and indistinguishability of the two photons,
and provides a more operational measure for how useful the
photon pair sources can be for complex quantum communi-
cation and network applications.

A third way to access some information about the purity is
to look at the photon probability distribution [4], which is re-
lated to the second order autocorrelation function: g(®(0) =
% =1+ %, where F; is the probability to have ¢+ = 1,2
photons and N is the number of modes. For N = 1 we have
g (0) = 2 (Bose-Einstein distribution), as N increases we
will reach ¢(®(0) = 1 (Poisson distribution). The autocorre-
lation function can easily be measured with a beam splitter,
two APD detectors and a TDC, and it no longer requires nar-
row band filters (as an example see fig 2).
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Figure 2: g()(0) for different statistical distributions [5].

We are investigating how well these different approaches
perform as well as looking at quantifying how the purity
varies with g(»)(0) in between the two limiting cases.
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For many years, the notion of quantum advantage afforded
by many quantum information protocols was equated with
the notion of entanglement. Recently, the requirement of
entanglement to preform efficient quantum computation has
been questioned both theoretically and experimentally [1, 2].
It has been proposed that, for certain mixed state quantum
computing protocols, a non-classical quantity called quan-
tum discord is all that is required for speed-up. Discord
arises from the discrepancy between the quantum analogues
of the two classically equivalent expressions for the mutual
information: I(p) = S(pa) + S(pr) — S(p) and Ja(p) =
S(pB) — S(pplpa). The discord, D(p) = I(p) — Ja(p).
captures all the non-classical correlations in p [3, 4].

Whilst quantum discord is proving to be a promising can-
didate to complete the description of quantum correlations,
explicit protocols that directly exploit discord as a quantum
resource have remained elusive. Here we demonstrate that
discord of a bipartite system is consumed to encode infor-
mation that can only be accessed by coherent quantum inter-
actions. The inability to access this information by any other
means allows us to use discord to directly quantify this ‘quan-
tum advantage’.

We present a protocol where Alice prepares a non-
entangled bi-partite resource pap that possesses some dis-
cord. Alice then encodes a signal X on one of her subsys-
tems, and subsequently transmits her now encoded state pap
to Bob and asks how much information regarding the encod-
ing Bob can access. We consider two possible scenarios: Bob
can coherently interact the two subsystems locally and subse-
quently measure, and alternatively, when Bob is restricted to
local measurements on each subsystem. We theoretically and
experimentally demonstrate that when pap possesses dis-
cord, coherent interactions are advantageous to Bob’s esti-
mate of X. Furthermore, we demonstrate that Bob’s informa-
tion advantage when he implements coherent interactions is
directly linked with the discord consumed during encoding of
X. For a maximal encoding that results in an encoded state
pap With zero discord, the advantage is exactly the discord
of the original state p 4 5. Thus we introduce and demonstrate
an operational method to use discord as a physical resource.

References

[1] Datta, A., Shaji, A. & Caves, C. M., Phys. Rev. Lett.
100, 050502 (2008).

[2] Lanyon, B. P., Barbieri, M., Almeida, M. P. & White,
A. G., Phys. Rev. Lett. 101, 200501 (2008).

[3] Henderson, L. & Vedral, V., J. of Phys. A. 34, 6899—
6905 (2001).

signal " :
Woing Be

@ e
5 preparation Ag
Pa alice

Q00 00, @D, oy _.P
no coherent |
interactions

e
)
—

A2

7 state 0 "
preparation 'as

(b ¢ signal o
5 encoding 1B
alice

Pa
i
CRC

b
(Ao =

Figure 1: Alice prepares a separable bi-partite state pap. Alice
then encodes independent signals X and Y on the phase and am-
plitude quadrature of her subsystem and subsequently transmits her
state to Bob. We compare Bob’s capacity to extract information in
two different scenarios: when Bob is (a) limited to incoherent inter-
actions, and (b) able to preform a joint measurement.

I
wn

I
>

o
w

(d) ASP

Quantum Advantage (bits/event)

o
o

0 10 20 30 40 50 60
Encoded Signal Vs (SQL)

Figure 2: Plot of quantum advantage for varying signal strength
with V' = 10.0 & 0.1. (b) corresponds to the maximum possible
quantum advantage, assuming Bob can perform an ideal decoding
protocol. In the limit of large Vi, this tends to the discord of the
original resource (a). The actual advantage that can be harnessed by
our proposed protocol is represented by (c¢). In practice, experimen-
tal imperfections reduce the experimentally measured advantage to

(d).

[4] Ollivier, H. & Zurek, W. H., Phys. Rev. Lett. 88, 017901
(2001).

P1-35



QCMCy:,

Vienna, Austria

145

Blind Quantum Computing with Weak Coherent Pulses

Vedran Dunjko', Elham KashefiZ, Anthony Leverrier>*

LSUPA, School of Engineering and Physical Sciences, David Brewster Building, Heriot Watt University, Edinburgh, EH14 4AS, UK
2School of Informatics, The University of Edinburgh, Edinburgh EHS 9AB, U.K.

3ICFO-Institut de Ciencies Fotoniques, Av. Carl Friedrich Gauss 3, 08860 Castelldefels (Barcelona) - Spain

4Institute for Theoretical Physics, ETH Zurich, 8093 Zurich, Switzerland

Building quantum computers is exceptionally hard. Opti-
mistically, large quantum servers may soon take a role oc-
cupied by superclusters today, remotely accessed by many
clients using relatively simple devices, to solve their quantum
computational tasks. Then, the level of privacy guaranteed
to the clients becomes crucial. For this reason, the Universal
Blind Quantum Computation (UBQC) protocol [1] has been
receiving considerable attention by the scientific community,
and has already prompted experimental demonstrations [2].
UBQC allows a client to perform quantum computation on a
remote server, and perfect privacy (called blindness) is guar-
anteed if the client is capable of producing specific, randomly
chosen perfect single qubit states |+4) = % (|0y + €%|1))
with @ € {0,7/4,...,7n/4}, and passing them to the server.
From a theoretical point of view, this may constitute the low-
est possible quantum requirement, but pragmatically, genera-
tion of such states to be sent along long distances can never
be achieved perfectly. While certain levels of errors still allow
the correct computation using fault-tolerant constructions, the
crucial question of how such imperfections influence the pro-
tocol’s security has so far not been addressed.

Here, we investigate the security of UBQC with realistic
imperfections for the client, i.e. the ones which may jeop-
ardize security. For this purpose, we introduce the frame-
work of approximate blindness (e-blindness) inspired by sim-
ilar approaches in the context of Quantum Key Distribution
[3]. While the UBQC protocol is adaptive, we show that
blindness can be studied by inspecting a fixed post-selected
state joint client-server state of the form:

: 1
Wf}?lzyfsz Q) [9:)(dil @ Iri) (ri| @] +0,) (+0.1218:) (5]
3,?i€[sl Client (A) Server (B)

which contains all the relevant information pertaining to the
security of a run of a UBQC protocol as seen by the server. In
this classical-quantum (cq) state, S denotes the overall size of
the computation. The client’s register contains the client’s se-
cret information - the computational angles ¢, characterizing
the desired computation, and the r; parameters chosen ran-
domly and unknown to the server. The server’s register con-
tains the qubits in states |+p,) which are sent by the client, as
well as the measurement angles ;. Note that ¢;, 7; and §; are
all represented by orthogonal states.

Since the unconditional security holds for any action of the
server [1] (represented by a CPTP map &), we define the fam-
ily F of unconditionally blind states:

F={({1a®&)r{5"|€ isa CPTP map} .

From here e-blindness is defined in operational terms:

A realistic UBQC protocol with imperfect client prepara-
tion is e-blind if the probability of distinguishing between the
unconditionally blind states and the client-server states real-
ized in the realistic protocol is less than % + €.

Such a notion of security is particularly desirable as it is
composable [3].

Under realistic assumptions, we show that the value of €
depends on the distinguishability between the individual im-
perfect states generated by the client and the desired qubit
states only. High quality qubits imply high levels of security.

We present a Remote Blind qubit State Preparation (RBSP)
protocol , where the client only needs to prepare and send se-
quences of weak coherent pulses (WCP) with given polariza-
tions over a (noisy) quantum channel. Following this, through
classical communication, the client distills an arbitrarily good
approximation of a random qubit state in the possession of the
server, which can then safely be used for UBQC. The ’qual-
ity’ of the distilled qubit is shown to increase exponentially
in terms of the number of coherent pulses used in one call to
the RBSP protocol. Thus, RBSP serves as a viable substitute
to the process of sending ideal qubits, where the requirements
on the client are minimal.

We prove the following result concerning the security of
the UBQC using RBSP generated qubits:

A UBQC protocol of computation size S, where the client’s
preparation phase is replaced with S calls to the RBSP pro-
tocol, where the coherent pulse mean photon number set to
w =T, with a lossy channel between client and the server of
transmittance no less than T, is correct and e-blind for a cho-
sen € > 0 if the number of coherent pulses N of each instance
of the RBSP called is chosen as follows:

181n(S/¢€)
This result shows that secure delegated blind quantum

computation is in principle possible even when the client only
has access to technologies available today.
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After the past two decades of development, the experimen-
tal quantum key distribution (QKD) has achieved significant
improvement, and the transmission distance has extended to
250 km [1]. However, key relay via trusted nodes is still a
practical solution to make QKD service in multi-user net-
works in a metropolitan scale [2, 3], and in a country scale
in future. The problem is how to make a trusted node really
trusted. One should seriously care about the security not only
in the physical layer but also the upper layers in the node.
Switches in layer 2 and 3 (in terms of OSI layer model) are of
particular importance. We have developed an integrated net-
work switch of layer 2 and layer 3 whose security is enhanced
with secure keys from QKD systems.

Layer 3 switch

The scenario that QKD is used for key establishment be-
tween two local area networks has been demonstrated within
the BBN DARPA network project[4] and other networks[2].
A point to point local area network (LAN) or virtual private
network (VPN) encryptor provides secure key to the layer 3
switch. Payload are encrypted by IPSEC protocol with QKD-
based key exchange. The security of the transmitted data
over such a link is limited by the security of the encryption
scheme. However, frequent key renewal of the symmetric-
key encryption should enhance the security level[5] . There-
fore, we are developing the QKD based layer 3 switch in that
the symmetric-key is refreshed to each packet.

Layer 2 switch

The encryption scheme at exchanged data between VPNs
has been drawing attention, however, serious security holes
are also recognized at layer 2. Ethernet technology has been
established on the assumption that users are fundamentally
good. In other words, unauthorized access from the inside-
network PC is very easy. De-concentration of access author-
ity is adopted in the network in order to construct a secure
network. However, such a protection scheme is destroyed
by impersonation from the inside-network PC. Media access
control (MAC) address is used to identify a host in the layer 2.
MAC address spoofing tools are relayed via network. Even if
a network authentication is employed, it is difficult to pre-
vent unauthorized access completely due to sophistication
of spoofing attack. In order to enhance the security of the
inside-network, we develop the layer 2 switch that uses ran-
dom number provided from QKD system for authentication
of hosts. At first, the switch and each host share random num-
ber, and MAC address is encoded using that random num-
ber. One-time-pad encryption is adopted, and MAC address
is encoded to each packet between the host and the layer 2
switch. In the layer 2 switch, consistency is checked by us-
ing decoded MAC address and IP address. If the host sends
correct addresses, the layer 2 switch passes the packet. Our
switch has strong protection against MAC spoofing, IP ad-
dress spoofing, spoofing using ICMP Redirect, ARP poison-

ing attack and so on. Throughput performance of this switch
decreases to 30%, however, it will be improved 90% in near
future.

We have developed a QKD-based network switch that en-
ables to prevent illegal access from external and internal net-
work efficiently. This switch will contribute to construct the
trusted node and play an indispensable role in imbedding a
QKD network into current infrastructure of secure network.
Poor convenience of secret communication tool should pro-
voke human error that poses a serious threat to the network
security . The QKD-based network switches would be also
useful to reduce such risks enhancing the security with user-
friendliness.

Layer 2 switch
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Figure 1: Conceptual view of secure L2 switch
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Security in optical data link of local area networks and wide
area networks is an issue especially for data centers
providing services of the cloud computing where
confidential information is transmitted. The use of the
physical cryptography whose security relies on the physical
effect is a promising way for enhancing the security of
optical data link together with the mathematical encryption.
The quantum stream cipher by Yuen 2000 protocol (Y-00)
is noise-based physical layer encryption and has a
possibility that realizes the unbreakable security level [1]. It
also features high compatibility with the current optical
fiber communication systems and is suitable for high-speed
(> Gb/s) communication. It employs dense M-ary keying
(multi-level modulation) for the binary information to
realize security, which requires no excess bandwidth. A
fundamental idea of Y-00 cipher to avoid eavesdropping is
shown in Fig. 1. The noise masks the Y-00 cipher signal
level and disables the correct level discrimination of an
eavesdropper. Prototypes of Y-00 cipher transceiver using
multi-level phase modulation (PSK Y-00) [2] and intensity
modulation (ISK Y-00) [3] have already been developed.
We have focused on the research of ISK Y-00 since it has
an advantage of simple configuration. So far, we
demonstrated ISK Y-00 at 2.5 Gb/s using signals with the
intensity level number of upto 4096 [4,5], and at 10 Gb/s
and 40 Gb/s using 64-intensity level signals [6,7]. In the
reports,  transmission  performances were usually
investigated in optical fibers in the laboratory, and
investigation terms were several hours at longest. However,
for practical use, a longer term investigation is desirable in
optical fibers installed in the field.

In this work, we demonstrate a long term investigation
of an ISK Y-00 transmitter and receiver in the field optical
fiber transmission line, TAMA net #1. The transmitter has
signal intensity levels of 4096 and bit rate of 2.5 Gb/s. The
Y-00 signal is transmitted over 160 km of the optical fiber
installed in the field. The transmission line consists of 4
spans of a 40-km standard single mode optical fiber (SMF)
and an optical amplifier.

So far, we constructed the experimental setup shown in
Fig. 2. The optical fibers are installed under the ground in
Tamagawa University. The length of each optical fiber is 40
km. The net length is 160 km. The 2.5-Gb/s transmitter and
receiver and optical repeaters are placed in our laboratory.
The detail of the transmitter and receiver is described in [5].
Waveforms were observed by a sampling oscilloscope after
Y-00 signals were converted to the electrical signal by the
direct-detection with a PIN photo-diode followed by a
transimpedance amplifier and a limiter amplifier.
Waveforms of the Y-00 signal and deciphered binary signal
measured with the persistence time of 12 hours are shown in
Fig. 3. The Y-00 signal waveform (Fig.3 (a)) looked rather
noisy since it had 4096 intensity levels. However, clear eye
opening was observed after deciphered to the binary signals
(Fig.3 (b)). The error free transmission over 160 km was
confirmed for the short term (several hours). Presently, we
are measuring the long term bit error rate (BER)
characteristics, which will be presented in the conference.

In conclusion, we are conducting the long term
investigation of an ISK Y-00 transmitter and receiver whose
number of signal intensity levels is 4096 and bit rate is 2.5
Gb/s in the transmission line of the 160-km long optical

fiber installed in the field. The detail of the results including
the long term measurement of the BER characteristics will
be presented in the conference.
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Figure 3: Waveforms of Y-00 and deciphered signals
measured for 12 hours.
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Device independent quantum key distribution (DIQKD) [1] is
a difficult task that requires the distribution of entanglement
to distant parties. Since such protocols are based on the viola-
tion of Bell-type inequalities, it is very important to close the
detection loophole regardless of transmission losses. One so-
lution to this would require heralded entanglement generation
and faithful entanglement swapping.

Six-photon protocols for the generation of heralded entan-
gled pairs based on linear optics have been proposed [2].
Such schemes, however, are very challenging [3]. In addi-
tion, entanglement swapping protocols based on linear optics
and usual Spontaneous Parametric Down Conversion sources
(SPDC) suffers from low fidelities [4] F' < 50% and requires
post selection.

Could we then exploit non-linear optical effects between
single photons to generate and distribute entanglement in a
heralded way? Experimental demonstrations on this direction
have been made [5] using cascaded SPDC. Our work is moti-
vated by a recent theoretical proposal by some of us [4], based
on sum frequency generation (SFG) to prepare such heralded
maximally entangled pairs. Since SFG can take place with
telecom photons, our scheme can be used to herald entangled
pairs at a distance.

In the context of DIQKD, figure 1 shows two Spontaneous
Parametric Down Conversion sources used to generate time-
bin entangled photon pairs. One photon from each source is
then combined in a non-linear SFG waveguide, with suitable
phase-matching conditions. Once a detection of an upcon-
verted photon occurs, the remaining photons are projected
onto a maximally entangled state without the need of post-
selection.

Y, heralding

Figure 1: Scheme for faithful heralded time-bin entanglement
swapping based on sum frequency generation.

Such faithful entanglement swapping can be experimen-
tally realized using the appropriate sources and an optimized
SFG setup. For this reason we have designed and character-
ized broadband SPDC sources at telecom wavelengths with

MHz rates and high coupling efficiencies up to 80% into op-
tical fibres with a set-up similar to the one shown in figure
2.

Bull PPLN Type O 081
D TN % | 1550nm
hbbbhasdd ¥ |

Pulsed lidsr
513 am

Figure 2: Schematic of an efficient, high rate, photon pair
source that can be optimised for performing SFG with single
photons. DM stands for dichroic mirror and IF for interfer-
ence filter.

We have already shown the feasibility of this scenario with
weak coherent light to below the single photon level and we
now have access to PPLN waveguides with even better effi-
ciency than the one reported in [4]. We are now looking to
test this with single photons generated by SPDC.
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Regarding quantum key distribution (QKD) one has to distin-
guish between the discrete and the continuous variable (CV)
approach. The latter has the advantage of utilizing homo-
dyne detection schemes with a detection efficiency of almost
100%. The bandwidth, i.e. the speed of homodyne detec-
tors, is not limited by any dead time and can reach more
than 100 MHz together with low detector dark noise [1]. Fur-
thermores squeezed light fields, which are a key resource for
CV QKD, have been demonstrated with bandwidths above
100 MHz [2]. Altogether, this should in principle allow for
secure key rates of similar bandwidth.

To establish CV QKD one can exploit the quantum corre-
lations of quadrature measurements on two-mode squeezed
states. Recent theoretical results have shown that two-mode
squeezed states with high purity and initial squeezing beyond
—10dB enable QKD which is secure against general coher-
ent attacks [3]. In this scenario an eavesdropper is no longer
restricted to collective attacks, i.e. one does not assume that
an eavesdropper attacks every signal in the same way. The se-
curity analysis of this protocol relies on entropic uncertainty
realations and is valid for finite keys. This makes it applicable
in experimental realizations.

In the course of the Cluster of Excellence QUEST at the
Leibniz Universitidt Hannover an experiment for CV QKD is
implemented. For that purpose an entanglement source at the
telecommucation wavelength of 1550 nm was set up. It con-
sists of two squeezed-light sources which, by now, achieved
a nonclassical noise reduction of up to 11dB compared to
the vacuum. After superposition of the two squeezed modes
on a balanced beam splitter the two entangled output modes
are distributed to the participating parties. From the synchro-
nized homodyne measurements with detection efficiencies of
nearly 95% a secret key can be extracted using the protocol
from [3].

The realization of security against coherent attacks is an
important step for future applications of QKD. We will
present a detailed analysis of the experimental results as well
as a comparision to the theoretical description. Furthermore,
an outlook will be given on a planned implementation of an
optical fiber for transmission of one entangled output to an-
other institute.
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Atmospheric Quantum Key Distribution (QKD) was
demonstrated in 1996 for the first time [1] and since then,
a variety of schemes have been implemented (for a review
see [2]). These previous systems use single-photon detec-
tors, whereas in our system, we apply an alternative ap-
proach: with the help of a bright local oscillator (LO), we
perform homodyne measurements on weak coherent states
[3]. Polarization multiplexing of signal and LO and propa-
gation of both through the atmospheric channel in the same
spatial mode then guarantees an inherently excellent inter-
ference at Bob’s detection, performed as a Stokes measure-
ment [3, 4]. Channel-induced phase fluctuations are auto-
compensated and the detection efficiency is intrinsically high
without any need for interference stabilization. The LO acts
as a lossless spectral and spatial filter, allowing for unre-
strained daylight operation. Note that single-photon detection
based schemes in contrast require additional and thus lossy
spatial and spectral filters in order to reduce background light.
A small portion of the LO is used as a feedback signal
to effectively compensate for atmospheric beam wandering.
Our experimental focus lies on the characterization of the
quantum channel, an intra-city point-to-point link of distance
1.6 km, the principle of which is shown in figure 1.
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Figure 1: Alice produces a polarization state combining sig-
nal and local oscillator (LO) in the same spatial mode. Thus,
Bob’s quantum state detection, a Stokes measurement [3, 4],
is immune to atmospheric fluctuations and stray light. Fur-
thermore, we use a small portion of the bright LO as a feed-
back signal for atmospheric beam stabilization.

CW: continuous wave, (P)BS: (polarizing) beam splitter,
HWP: half wave plate, QWP: quarter wave plate, PSD: posi-
tion sensitive detector

Effects on continuous variable (CV) quantum states have
only recently been studied in the context of propagation
through turbulent atmosphere [4, 5, 6, 7]. Here, the main
channel influences, i.e. excess noise and losses, can be
detrimental to the quantum properties of the transmitted
states and therefore must be kept as low as possible.

We successfully transmitted coherent polarization states
through the 1.6 km channel, whereas no polarization excess
noise was detected above 80 kHz. By improving the re-
ceiver’s optics and implementation of a beam stabilization
system based on an active feedback loop, a mean link trans-
mission of &~ 70 % over several hours is achieved. Moreover,
the preservation of CV quantum properties by the channel
was recently also verified by a successful distribution of
polarization squeezed states with 1 dB of squeezing measured
at the receiver.

These promising results paved the way towards high band-
width free space quantum communication such as QKD and
transmission of nonclassical states.
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Quantum entanglement is the fundamental feature of quan-
tum physics. It describes the situation in which the informa-
tion about the state of a composite system of two (or more)
distinct particles is “’stored” solely in joint properties. Bring-
ing entangled photon pairs to a Space environment will not
only provide unique opportunities for quantum communica-
tion applications over long distances but will also enable to
perform a new range of experiments investigating very fun-
damental questions of physics. Even though the preservation
of entanglement was tested already over distances of up to
144km on a horizontal Earth-based link between the Canary
Islands La Palma and Tenerife [1, 2], the important question
remains whether the distance between two entangled quan-
tum systems is limited. Hence, satellite based experiments
would allow expanding the scale for testing the validity of
quantum physics by several orders of magnitude - clearly be-
yond the capabilities of Earth-based laboratories. Besides its
importance for fundamental physics, the correlations between
entangled quantum systems have become a basic building
block in the novel field of quantum information processing
and the Space infrastructure will eventually enable the devel-
opment of a world-wide network for quantum communica-
tion. The success of future space experiments and quantum
networks will rely on a stable and efficient quantum link be-
tween the satellite and the ground station. Losses due to the
turbulent atmosphere have to be minimized in order to in-
crease the signal over the quantum channel.

We present a high-speed adaptive-optics (AO) system based
on the blind optimization scheme [3] which is capable of pre-
compensating for the atmospheric turbulences in order to es-
tablish a high quality link for point-to-point quantum com-
munication. First experiments between the Canary Islands

La Palma

Tonarila

Ta4 km fros

Figure 1: Experimental setup of the AO-system test between
the Canary Islands La Palma and Tenerife.

La Palma and Tenerife (see Fig. 1) showed an increase of the
link efficiency of 18% (see Fig. 2).
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Figure 2: Mean intensity of the received 808nm signal, mea-
sured with a powermeter in the focal point of the 1m telescope
on Tenerife. The column Max/Max corresponds to the TTM
and DM in optimization mode. Off/Off means that both adap-
tive mirrors were switched off.
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Quantum communication protocols, like quantum key dis-
tribution (QKD), have been successfully demonstrated with
photons of various wavelengths. The preferred wavelength
for free-space transmission is around 800 nm, where single
photon detectors have high efficiency and the atmosphere is
transparent. In contrast, the transmission in optical fibres is
performed with photons around 1550 nm, exploiting the low
absorption in this region. However for certain scenarios it
is preferable not to adhere to the above conventions and use
shorter wavelengths. We present here two such cases: Firstly,
we demonstrated the feasibility of ground to satellite QKD
using single photons at 532 nm. Secondly, we demonstrated
a QKD link in deployed telecom fibres using entangled pho-
tons at 800 nm.

In order to overcome the distance limitations faced by QKD
in terrestrial transmissions, satellite QKD might be a way to
enable worldwide secure communication. In the most imme-
diately feasible scenario, the satellite acts as a trusted node to
relay a key between Alice and Bob’s ground stations. Work
has mainly been concentrated on a downlink of photons from
the satellite due to minimal losses from atmospheric turbu-
lence [1]. The satellite uplink in contrast requires only a static
receiver and single photon detectors, but it must be able to
cope with the higher losses (40 - 50 dB). Such losses can
be accommodated using fast detectors and timing methods.
The creation of short-pulsed, phase randomized, polariza-
tion and amplitude modulated light at 532 nm is realised by
polarization-preserving up-conversion of a modulated tele-
com beam with a pulsed infrared laser. As shown in Fig.
1, we performed experiments over a controllable-loss chan-
nel, finding the maximum permissible total loss of the system
to be 57 dB [2], with a secure key generation rate at this
maximal loss of 2 bits/s. We also performed satellite orbit
simulations, and show that our system can generate 5.7 x 10*
bits of secure key at our 76 MHz clock rate.

In our second investigation we demonstrate the distribution
of entangled photons of wavelength 810 nm through standard
telecom fibres. This allows quantum communication proto-
cols to be performed over established fibre infrastructure, and
makes use of the smaller and better performing setups avail-
able around 800 nm, as compared to those which use tele-
com wavelengths around 1550 nm. The combination of fibre
loss and higher detection efficiencies of Si based single pho-
ton detectors results in better performance at 800 nm for up
to 2.4 km of optical fibre. Launching polarisation entangled
photons at 810 nm into telecom fibres results in the excitation
of higher order modes which are also guided by the fibre [3].
However the higher order modes experience a different polar-
isation rotation lowering the visibility of the entangled state.
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Satellite simulation parameters:
Low earth orbit (600 km high)
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Ground station: Ottawa, Canada, 45°N
25 cm transmitting telescope
30 cm receiving telescope
532 nm wavelength
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Figure 1: Secure key rate over high loss channel. a) Simu-
lation of total loss versus visible passage time for a satellite
uplink. b) Experimental results and simulation of secure key
rate versus loss. ¢) Expected secure key rate versus time for a
satellite passage.

We performed distributions up to 6 km in fibre spools [4],
and by either spatial or temporal filtering the visibility could
be brought to 96%, which is close to the value measured di-
rectly at the source. To illustrate the utility of using such a
distribution channel, we performed a full QKD protocol over
two symmetric 2.2 km channels of installed telecom fibres,
leading to a total distribution distance of 4.4 km. The aver-
age quantum bit error ratio was 4.3% (i.e. 91.4% visibility)
with both temporal and spatial filtering, leading to an average
secure key rate of 350 bits/s. The increase in the error rate
was attributed to disturbances from passing cars, trains, and
thermal fluctuations in the deployed fibres.
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We investigate what subset of SU(4) operations is imple-
mentable over the butterfly network presented in Figure 1
in the setting with free classical communication. We ex-
tend a protocol which allows one to perform 2-pair quantum
communication over the butterfly network with free classi-
cal communications proposed by Kobayashi et al. [1, 2],
and present a protocol that implements two classes of SU (4)
operations, which contain all Clifford and controlled-unitary
operations, over the butterfly network without additional re-
sources.

Figure 1: The butterfly network with the input nodes (s; and
s2), output nodes (¢1 and ¢5) and the repeater nodes (n; and
no). The directed edges S1, Sa, 11, Ta, Ry, - - -, Ry represent
a single-qubit quantum channel. The indices of the Hilbert
spaces of the transmitted qubits corresponding to the edges
are also denoted by S1, So, 11, 15, Ry, - -, R7. Operations
on the qubits at the same node are considered local opera-
tions.

Setting: Implementations of unitary operations over net-
works are generalizations of k-pair quantum communication
tasks to network computation tasks [3]. k-pair quantum com-
munication over a network is a unicast communication task
that faithfully transmits a k-qubit state given at k distinct in-
put nodes to k distinct output nodes through the network,
where the pairings {m,n} between the input node s,, and
the output node t,, are described by a permutation 7. The to-
tal output state |output) at the k output nodes can be regarded
as a state obtained by performing a unitary operation U, cor-
responding to a permutation 7 on the total input state |input)
given at the k input nodes, namely, |output) = Uy |input).

In quantum mechanics, not only U, but more general quan-
tum operations (quantum maps) are allowed. In this poster,
we investigate implementations of two-qubit unitary (SU (4))
operations over the butterfly network where quantum com-
munication is restricted by the network configuration but any
classical communication is allowed freely.

The Kobayashi et al. protocol: The protocol of 2-pair

quantum communication presented in [2] for the butterfly net-
work is composed of two stages. In the first stage, the encod-
ing stage, a gate sequence consisting only of CNOT gates is
performed corresponding to the classical network coding. In
the second stage, the disentangling stage, two kinds of disen-
tangling operations depending on the measurement outcomes
s are performed. One of the disentangling operations is given
by

Tin= D Z°|2)((s|H @ (2]).

z=0,1

€y

In the last part of the Kobayashi et al. protocol, four qubits
{Ry, R3, T, Ty} are entangled but the other qubits are mea-
sured and disentangled.

Our protocol: We modify the last disentangling operation
of the Kobayashi et al. protocol. Instead of performing I',
on the pairs of qubits {R1,71}, and on {R3, 15}, we first
perform a local unitary operation U € SU(4) on the pairs of
qubits {R1, 7>} and on {R3, T} and then perform I'Y,. By
the requirement of determinism of the output state, we can
prove the following theorem.

Theorem: Our modified protocol implements SU (4) oper-
ations over the butterfly network if and only if U is an element
of Ur({0;}) € SU(4) defined by

3
Ur({6:}) = D e |midl, @

i=0
where 7; denotes a permutation, {|i)};—¢ 1,23 denotes the
2-qubit computational basis and 6; € [0,27). By taking
U = Uﬂ({%}) in the modified protocol, U, ({6;}) is im-
plementable over the butterfly network.

Two classes: We can classify U, ({6;}) into two classes.
The elements of the first class are locally unitarily equiva-
lent to a controlled-phase operation [00)(00| + |01)(01] +
[10)(10] + €*|11)(11|, which is implementable even in
the setting where classical communication is also restricted
[3]. The second class is locally unitarily equivalent to a
controlled-phase operation followed by a swap operation
[00)(00] + |01)(10] + [10)(01| + €®[11)(11].
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Verification of entanglement is an important tool to char-
acterize sources and devices for use in quantum computing
and communication applications. Evaluation of entangle-
ment witnesses (EW) are a particularly valuable technique
to prove the presence of entanglement, especially for higher-
dimensional systems as they do not require a reconstruction
of the underlying quantum state (full tomography). In this
work, we provide a method to construct accessible nonlinear
EWs, which incorporate two important properties.

First, they improve on linear EWs in the sense that each
nonlinear EW detects more entangled states than its linear
counterpart and therefore allow the verification of entangle-
ment without critical dependence on having found the “right”
linear witness. Second, they can be evaluated using exactly
the same data as for the evaluation of the original linear wit-
ness.

This allows a reanalysis of published experimental data to
strengthen statements about entanglement verification with-
out the requirement to perform additional measurements.
These particular properties make the accessible nonlinear
EWs attractive for the implementations in current experi-
ments, as they also enhance the statistical significance of the
entanglement verification.

Construction of accessible nonlinear EWs: Our start-
ing point is a specific decomposition of a linear EW W &
B(Ha ® Hp) in terms of local observables {A; ® B;}Y .
In other words, W can be written as W = Zl c;A; @ Bi.
This implies that its expectation value can be computed solely
from the expectation values {(A; ® B;)} X, that are obtained
from experimental data.

In our work we make use of the Choi-Jamiotkowski iso-
morphism to construct nonlinear improvements Wy, of any
linear EW W. Most importantly, for a fixed decomposition of
W in terms of local observables, we provide sufficient condi-
tions for the expectation value of any Wy, to be computable
from the same data as their linear ancestor. We call these ac-
cessible nonlinear entanglement witnesses.

Additionally, we show that for special choices, we can con-
struct powerful nonlinear EWs whose expectation value can
be expressed as a simple analytic formula. For this case, we
even provide necessary and sufficient conditions for the non-
linear EWs to be accessible.

One of the main characteristics of accessible EWs is that
they always detect more states than their linear counterparts.
This is clearly illustrated in Figure 1 for the case of two
qubits, but it must be noted that similar behaviour also oc-
curs for higher-dimensional systems. This fact is a property
that has important implications for significance statements in
entanglement verification experiments.

The usual and widely used approach of placing error bars
on measured data has led to counterintuitive statements (cf.
[1]). In order to make reliable and meaningful statements

W) Wele)

Figure 1: Value of the linear witness w (dashed blue curve)
and its nonlinear improvement we, (purple curve) for the state
ple) = (2/3)le)(e| + (1/12) where |p) = —5(|01) —
€%|10)). The starting witness is W = (1 + Y a—yz0a ®
Ou)-

for detection significance in entanglement verification exper-
iments, a more consistent framework has been recently pre-
sented by M. Christandl and R. Renner in [2]. There, the out-
comes of n runs of an experiment leads to an estimate density
1in(p) which can be seen as a measure on the space of all
states.

This picture can be related to the detection significance
provided by the entanglement witnesses in the following
sense. Denote by I'y the set of all states that are detected
by a witness W. The probability of a state to lie in 'y is
then given by

tn(p)dp. (1

P Tw) = |

Tw

Since the set of states I'yy,, detected by a nonlinear wit-
ness W, is always larger than that of a linear witness, it al-
ways holds that P, (I'w,,) > P,, (I'w). Hence, accessible
EWs can only increase detection significance in entanglement
detection experiments.
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We propose a scheme how to characterize a universal op-
eration. By the term “universal”, we mean an operation with-
out any dependence on the set of input states. Cloning an
arbitrary quantum state is a typical example of such an op-
eration. Another universal operation is the universal-NOT
(UNOT) operation, which transforms an arbitrary qubit state
|W) to its orthogonal one |¥~). It is known that the perfect
operation of such a task is forbidden by the quantum mechan-
ical law [1], and it is thus natural to find an approximate but
optimal one.

Average fidelity has been considered as an indicator of op-
timality for a given universal operation. When considering an
operation O for an arbitrary input |¥) and its target | W), the
average fidelity I is given by

F = / avf, (e
where f = |[(¥,.| O |W)|? is the fidelity between the output
and target state, the integral is over all possible inputs | ).

The average fidelity F' does not necessarily imply a uni-
versal approximation to a given task. For UNOT gate, the
optimal average fidelity is 2/3 ~ 0.666 [1, 2]. Thus, an addi-
tional parameter is required to characterize if a found opera-
tion is universal. We call it “fidelity deviation”. The fidelity
deviation D is quantified by the standard deviation A of the
fidelity f over possible input states, such that

1/2
D:2A:2(/d\1}f2—F2) ,

where D = 0 when the operation fidelity is independent of
the input, i.e. universal so that f = I for all input states, and
it increases otherwise. The fidelity deviation D satisfies the
condition

2

0<D<2/F(1-F) <1 ?3)

We employ both of the average fidelity F' and fidelity devia-
tion D in characterizing the optimality and universality of an
operation.

In this approach, we consider NOT gate operations imple-
mented on one, two, and three qubit(s), respectively, and ana-
lyze them on the space of the average fidelity and the fidelity
deviation. We show that all the three operations of NOT can
be realized so as to reach 2/3 of the average fidelity, for all
possible Bloch states, the same as the original UNOT of using
three qubits. To the contrary, a one-qubit operation of NOT
depends strongly on its input state so that the fidelity devia-
tion D is a linear function of the average fidelity F', and it
never vanishes if /' # 0. A two-qubit NOT shows a better
universal behavior in the sense that it has a smaller fidelity
deviation and a learger average fidelity than any one-qubit
NOT. A NOT operation can be universal only if three qubits

0.8F

0.6¢
D
04f
0.2—5
o.0| A P;
0.0 0.2 04 0.6 0.8 1.0
F

Figure 1: The possible regions of one-, two-, and three-qubit
NOT gate are drawn in the space of (F', D). Every one-qubit
NOT gate corresponds to a point on the line O P;. Two-qubit
NOT gate does a point inside and on the triangle O P, P», and
it is optimal at P»(F = 2,D = ﬁ ~ (.298) in the sense
that F' is the largest and D is the smallest. On the other hand,
a three-qubit NOT gate is located in the regin of the triangle
OP, Ps, and it can be universal with the zero fidelity devia-
tion. The dashed curve stands for the mathematical boundary
of a universal operation, given in Eq. (3).

are employed to realize. It is remarkable that every average
fidelity of the maximum 2/3 does not imply a universal NOT,
because the fidelity deviation does not necessarily vanish, as
seen in the line P, Ps, Fig. 1.

We analyze the NOT gates in realistic experimental con-
ditions. In particular we consider an operational error, orig-
inating from an imperfect device. In the presence of a small
error of order, the average fidelity is 0.634 & 0.018, close to
2/3 in a theory and also to the value in an experiment [3],
but the fidelity deviation is 0.214 + 0.051, rather large value,
in the sense that it is close to that of the randomly generated
one, 0.298 4+ 0.067. This feature is important, as the fidelity
deviation is necessary to characterize a UNOT gate in terms
of the universality as well as the optimality.

We expect that our approach will provide a better insight
on universal quantum operations, and also may be useful in a
practical experiment as well.
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Introduction: The dimensionality of the quantum system
can be seen as resource for quantum information processes.
This work presents a dimension witness based on bipartite
correlations.

Bell’s inequalities were first introduced to test whether a
distribution could be arisen from local hidden variables. It
turns out that Bell inequality has other important applications
in quantum information processing. Such as lower bounding
the dimension of the Hilbert space the describes the system.
Previous work done by Brunner et al. [1] first introduces the
idea of dimension witness. The inequality relevant to this
work is the Collins-Gisin-Linden-Massar-Popescu (CGLMP)
inequality [2].

The CGLMP inequality, I,,, is a generalization of the
CHSH inequality to a 2-party, 2-input and n-outcome case.
In such an experiment, the joint probability distribution of
the outcomes may be recorded as P (a, b|x, y), where a,b €
{0,1,---,n — 1} denote the outcomes, and z,y € {0,1} de-
note the choice of measurements. On top of non-negativity
and normalization, we also impose the no-signalling condi-
tion.

The joint probabilities could be organised in an array:

[ Pbly=0) | P(bly=1)

P (a,0]0,0) | P(a,b0,1) ,
P (a,b]1,0) | P(a,b|1,1)

P= P(alx=0)
P (alz =1)

€]

where P (a,b|x,y) are n-by-n arrays denoting the joint dis-
tributions, P (a|z) and P (b|y) are the respective marginals.

The CGLMP inequality can similarly be expressed in an
array form:

(In, P) <0. @

I, has the form of:

-1 0
In = -1 J JT ) (3)
o JT]I7

where J is an upper triangular matrix filled with 1’s and (-, -)
denotes term-by-term multiplication. While 0 is local bound
for this inequality, PRy ,,-boxes violate I,, up to ”7—:1

From here onwards, we will be looking at a particular
CGLMP inequality, the I, inequality, which deals with the
scenario with n = 4 outcomes.

Maximum violation of the /, inequality by ququads: It
has been shown in the Table 1 of [3], that the maximal vio-
lation of I, is bounded by I ~ 0.364762 , by the positive
semidefinite criteria. On the other hand, a class of ququad
states were found to reach such a violation up to numeric pre-
cision. Thus the maximal violation of I is found analytically

Singapore

2
C+HyS++/ 5 (1428
+ 5= ( ),whereC:cos

/ 1 _ T

Maximum violation of the I, inequality by qutrits: The
idea of dimension witness is that there exists an upper bound
of CGLMP violation if we restrict ourself to lower dimension
systems. In this case, the maximum violation of the I, with
qutrits on each party, maxg|3 4, is strictly lesser than 7.

As an first attempt, we analyse the maximal violation of
the I, with quqtrits over a restricted class of POVM. On that
class, the I violation could be shown to identical to that of I3.

Similarly to how we found the maximum violation of I, the
_ V/33-3
= V30

* 3 ™
tobe I} = —% 3
S=sing,z=

'

maximum violation of I3 could found to be I3
0.304951.

Numerical proof: For the general POVM’s we turned to
numerical optimization method. An iterative numerical op-
timization procedure, called the see-saw method was intro-
duced in [4]. With the see-saw method, numerical evidence
strongly suggests that /3 is indeed the maximum violation of
the inequality /4, even with general POVMs.

Conclusion: We show that CGLMP, inequality 1, could
be a dimension witness for four level systems (ququads).
Maximum violation of the inequality with ququads is shown
to be I 0.364762. We obtain strong numerical evi-
dence that, with qutrits, the bound becomes I3 = @ =~
0.304951 and provide an analytical proof of this bound for a
restricted class of POVMs. The violation of this bound in-
dicates the presence of entangled ququads or higher dimen-
sional systems.

~
~
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The behavior of features such as quantum coherence and en-
tanglement in a composite quantum system whose state is ex-
posed to the effects of environmental actions has been the
focus of an extensive research activity. Recently, much at-
tention has been paid to the case of environments embodied
by systems of interacting quantum particles. Such dynami-
cal environments can induce interesting back actions on the
evolution of a system, thus significantly affecting its proper-
ties. From the point of view of coherent information process-
ing, on the other hand, the non-trivial dispersion properties
of networks of such interacting particles represent an inter-
esting opportunity for their use as short-haul communication
channels for the inter-connections among on-chip nodes in
the next generation of information processing devices.

While most of the work in these contexts has focused on
the study of the properties of entanglement upon propaga-
tion in such media, it is now widely accepted that the space
of non-classical correlations accommodates more than just
quantum entanglement. Figures of merit such as quantum dis-
cord and measurement-induced disturbance, to cite only two
of the most popular ones [1, 2], are able to capture the content
of non-classical correlations of a state well beyond entangle-
ment. Although the role played by such broader forms of
non-classical correlations in the quantum mechanical manip-
ulation of information has yet to be fully understood, enor-
mous is the interest they bring about as the manifestation
of the various facets of quantumness in a system. It is thus
very important to work on the exploration of the behavior of
such quantities upon exposure to dynamical and finite envi-
ronments of the sort addressed above, so as to build a useful
parallel with the much more extensively investigated case of
entanglement.

We study the propagation of quantum correlations across
a system of interacting spin-1/2 particles [3], Fig 1 (a). Our
main goal is to compare the way important indicators of non-
classicality, such as quantum discord (QD) [1, 2] and en-
tanglement of formation (EoF) [4], are transferred through
a medium offering non-trivial dispersion properties. In doing
this, we aim at understanding whether or not the fundamen-
tally conceptual difference between entanglement and discord
leaves signatures in the way such non-classical quantities are
transferred. We show that this is indeed the case by preparing
a non-separable (in general mixed) state of an isolated spin
and the one occupying the first site of a linear spin-chain. We
then compare the quantum-correlation properties of such an
initial state with those of the state achieved, at a given instant
of time of the evolution, between the isolated spin and the one

occupying the last site of the chain itself. QD appears to be
better transmitted than entanglement (as quantified by EoF)
in a wide range of working conditions and regardless of the
details of the initial state being considered as shown in Fig. 1

(b).

Figure 1: (a) We consider a chain of N interacting spin-1/2
particles coupled through a XX Hamiltonian model. We
study how the general quantum correlations of such a state
propagate across the chain. (b) Behavior of QD against EoF
and propagation time for a chain of 15 spins, homogeneous
intra-chain couplings. The yellow plane at D=E is used as a
guide to the eye for discerning whether or not D>£.
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The motivation for purifying a quantum state is that for most
applications in quantum information theory it is crucial to
have a pure or almost pure quantum state at hand. In most se-
tups the generated states are noisy and therefore it is desired
to purify the state actively. Since the parties which share the
quantum state, e.g. in a communication scenario, can be spa-
tially separated the protocol should make only use of local op-
erations and classical communication (LOCC). If the desired
state is multipartite entangled one of the main challenges is
to access and process the non-local information with such a
LOCC protocol.

The multipartite entangled states we show one can purify to
are called Locally Maximally Entangleable (LME) states [1].
They form a large class meaning 2" real parameters are in
general needed to describe an n-qubit quantum state. Phys-
ically those states arise from a multipartite Ising interaction
and they can for example be used to encode optimally the
maximal number of classical bits and contain prominent sub-
classes such as stabilizer states and graph states. We present
a purification protocol for certain LME states and show how
well the protocol performs if the quantum states are subjected
to certain kind of noise channels. We also show that the
multipartite purification scheme can outperform purification
schemes which rely on bipartite strategies. For graph and sta-
bilizer states there already existed purification protocols|[2].
However, since the stabilizers of the LME states are in gen-
eral non-local, in contrast to the stabilizers of graph and stabi-
lizer states, we had to develop new methods which go beyond
the commonly used CNOT-procedure.
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Quantum computation requires a set of basic operations:
measurements on the computational basis, single qubit rota-
tions, and specific two-qubit entangling gates. In the tradi-
tional circuit model of quantum computation, for example, a
quantum algorithm is implemented by the sequential action of
entangling gates and local unitaries followed by a final mea-
surement stage that reveals the result of the computation.

A major obstacle to any practical implementation is de-
coherence: qubits are encoded in quantum systems that are
unavoidably coupled to the environment, reducing the capac-
ity to process quantum information. However, here we show
that when the environment is suitably monitored one is able
to build all the fundamental blocks needed to perform quan-
tum computation. In particular we show how to implement
two-qubit entangling gates and how they can be intercon-
nected to efficiently build up the cluster states necessary for
measurement-based quantum computation.

Our scheme involves the detection of spontaneously emit-
ted (s.e.) and inelastic scattered (i.s.) photons, two notable
examples of decoherence processes harmful to quantum com-
putation. The emitted photons come naturally from the qubit
decay while the scattered ones are produced through the in-
coherent pumping back to the excited state shown in Fig. 1-a.
The pumping can be adjusted so that one builds a symmetric
effective environment interaction where the probabilities of
excitation and decay are the same (Fig. 1-b). The detection
of such photons leads to the observation of quantum jumps
in the system, usually associated with irreversible processes.
Indeed, the detection of a “s.e.” photon corresponds to the
decay to the ground state while the complementary excita-
tion process is connected with the detection of photons in the
“i.s.” channel. It seems unlikely then, that one could build the
entangling unitary gates necessary for quantum computation
purely from the detection of quantum jumps.

The solution is to design the measurement process shown
in Fig. 1-c. If we assume that both “s.e.” and “i.s.”” processes
are tuned to output photons that are indistinguishable in fre-
quency and linewidth but of orthogonal circular polarisations,
then, by placing polarised beam splitters (PBS) before the
photocounters, the which process information is erased. In
this case, the detection of a photon that comes out of the PBS
will implement quantum jumps that are linear combinations
of o_ and o, in particular o, and o, [2]. Now, in order
to create entanglement between two qubits, a second quan-
tum erasing process is required, one that destroys the “which
qubit” information. This is achieved by combining the output
ports of the PBS of two different qubits in a standard Beam
Splitter (BS). In this case, as a consequence of the erasing
process, clicks in the detectors of the newly defined channels

will correspond to entangling jumps given by linear combina-
tions of local unitary flips, such as X5, = (0, +i0,,,)/v/2,
where the sign is randomly determined by the channel where
the photon is detected. These engineered jumps that corre-
spond to unitary operations, allowed us to show that quan-
tum jumps actually have full and efficient quantum comput-
ing power [1]. As an example, Fig. 1-c shows the time taken
to build cluster states of N qubits from the concatenation of
the jump entangling gates.
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Figure 1: a) Level scheme for decay and excitation processes.
b) Detection scheme for generating entangling jumps. c)
Time taken to build IV qubit cluster states.
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The information stored in a quantum system is accessi-
ble only through a quantum measurement, and the postulates
of quantum theory severely limit what a measurement can
achieve. The problem of evaluating how much informative
a measurement is has obvious practical relevance in several
contexts, such as the communication of classical information
over noisy quantum channels and the storage and retrieval of
information from quantum memories. When addressing such
problem, one can consider two different figures of merit: the
probability of correct detection [1] (in a discrimination sce-
nario) and the mutual information (in a communication sce-
nario). The latter case is the aim of this contribution. We
introduce [2] the informational power W (IT) of a POVM II
as the maximum over all possible ensembles of states R of
the mutual information between I and R, namely

w(II) = m}gxI(R7 1I0). 1
We prove [2] the additivity of the informational power.
Given a channel ¢ from an Hilbert space H to an Hilbert
space KC, the single-use channel capacity is given by
C1(®) := suppsupy I(P(R),A), where the suprema are
taken over all ensembles R in # and over all POVMs A on
K. A quantum-classical channel (q-¢ channel) @1y (see [3])
is defined as @r1(p) := >_, Tr[pll;]|7)(j], where IT = {II;}
is a POVM and |j) is an orthonormal basis. We prove [2]
that the informational power of a POVM 1I is equal to the
single-use capacity C(®ry) of the g-c channel @y, i. e.

W) = Cy (). 2

The additivity of the informational power follows from the
additivity of the single-use capacity of g-c channels.

We recast [2] the maximization of the informational power
of a POVM to the maximization of the accessible informa-
tion of a suitable ensemble. According to [4], the accessible
information A(R) of an ensemble R = {p;, p;} is the max-
imum over all possible POVMs II of the mutual information
between R and II, namely A(R) = maxy I(R,II). Given
an ensemble S = {¢;,0;}, we define the POVM II(S) as

I(S) = {qiagl/Qaiagl/Q}. Given a POVM A = {A;}
and a density matrix o, we define the ensemble R(A, o) as

R(A,0) = {Tr[aAj], %} We prove [2] that the

informational power of a POVM A = {A;} is given by

W(A) = max A(R(A, 0)). 3)
The ensemble S* = {qf, 0]} is maximally informative for
the POVM A if and only if 0g- = argmax, A(R(A,0))
and the POVM II(S*) is maximally informative for the en-
semble R(A,og+), as illustrated in the following commut-
ing diagram. From this results it follows that for any given

A s R(A,0s-)

| |

S* I TI(SY)

D-dimensional POVM there exists a maximally informative
ensemble of M pure states, with D < M < D2, a result
similar to Davies theorem for accessible information [5]. For
POVMs with real matrix elements [6], the above bound can
be strengthened to D < M < D(D + 1)/2.

We consider [2] some relevant examples. We prove that
given a D-dimensional POVM 1I = {II; };V:1 with com-
muting elements, there exists a maximally informative en-
semble V' = {pf, i)}, of M < D states, where |i) de-
notes the common orthonormal eigenvectors of II, and the
prior probabilities p; maximize the mutual information. We
show how this results applies to the problem of the purifi-
cation of noisy quantum measurements [7]. For some class
of 2-dimensional and group-covariant POVM (namely, real-
symmetric [6], mirror-symmetric, and SIC POVMs), we pro-
vide an explicit form for a maximally informative ensemble
which enjoys the same symmetry. Finally, for any POVM we
provide an iterative algorithm which is effective in finding a
maximally informative ensemble.

The results we present have obvious relevance in the the-
ory of quantum communication and measurement, and inter-
esting related works [8, 9] recently appeared. In particular,
in [8] Holevo extends the results we present to the relevant
infinite dimensional case.
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Entanglement is at the core of many of the applications of
quantum information theory and quantum computation and
plays a key role in the foundations of quantum mechanics.
Therefore, a great amount of theoretical effort has been per-
formed in recent years to grasp this phenomenon, in particular
regarding its characterization and quantification as well as its
convertibility properties [1]. Whereas bipartite entanglement
is well understood, multipartite entanglement is much more
subtle. In fact, our understanding of the nonlocal properties
of many-body states is far from complete even in the simplest
case of just three subsystems. Our knowledge of bipartite en-
tanglement stems from the fact that in the asymptotic limit
of many copies of any given state, there is a unique optimal
rate at which it can be reversibly transformed into the maxi-
mally entangled state [2]. However, such an approach seems
formidable in the multipartite regime [3].

A fundamental property of entanglement is that it is in-
variant under local unitary (LU) operations. This has led to
the study of complete sets of (polynomial) invariants under
this kind of operations [4] and the necessary and sufficient
conditions for LU-equivalence have recently been provided
[5]. However, a complete classification of LU classes with
operationally meaningful measures was still lacking. In this
contribution we solve this problem for the simplest nontrivial
multipartite case: three qubits. That is, we provide a complete
set of operational entanglement measures which characterize
uniquely all 3—qubit states with the same entanglement prop-
erties [6].

To this end, we derive a new decomposition (up to LU op-
erations) for arbitrary 3—qubit states which is characterized by
five parameters. We show that these parameters are uniquely
determined by bipartite entanglement measures. These quan-
tities, which are easily computable, characterize the different
forms of bipartite entanglement required to generate the state
following a particular preparation procedure and, hence, have
a clear physical meaning. Moreover, we show that the clas-
sification of states obtained in this way is strongly related to
the one obtained when considering general local operations
and classical communication, showing further the phisicality
of this approach.

Our results provide a physical classification of pure mul-
tipartite entanglement and, hopefully, will pave the way for
new applications of many-body states in the light of quantum
information theory.

References

[1] M.B. Plenio and S. Virmani, Quantum Inf. Comput. 7,
1 (2007); R. Horodecki et al., Rev. Mod. Phys. 81, 865
(2009).

[2] C.H. Bennett et al., Phys. Rev. A 53, 2046 (1996).

[3] C.H. Bennett et al., Phys. Rev. A 63, 012307 (2000).

[4] M. Grassl, M. Rotteler, and T. Beth, Phys. Rev. A 58,
1833 (1998).

[5] B. Kraus, Phys. Rev. Lett. 104, 020504 (2010); Phys.
Rev. A 82, 032121 (2010).

[6] J.I. de Vicente, T. Carle, C. Streitberger, and B. Kraus,
Phys. Rev. Lett. 108, 060501 (2012).

P1-52



162

QCMCy:,

Vienna, Austria

Universality in Topological quantum computing without the Dual space.

Simon. J. Devitt! Alexandru. Paler?, Ilia. Polian?, and Kae Nemoto'
! National Institute for Informatics, 2-1-2, Hitotsubashi, Chiyoda-ku, Tokyo, Japan
2Department of Informatics and Mathematics, University of Passau, Innstr. 43, Passau, Germany

Topological quantum codes have proven themselves to be
arguably the most versatile for protecting quantum comput-
ers from the inevitable effect of coherent and incoherent er-
rors. Not only do they exhibit one of the highest fault-
tolerant thresholds known, but their local construction makes
them amenable to realistic quantum computing architectures
[1, 2]. The two most predominant topological codes used
in large scale quantum architectures are the surface code [3]
and its cluster state generalisation, commonly referred to as
the Raussendorf code [4]. Universal computation with these
models is achieved by encoding information into topologi-
cally protected degrees of freedom, known as defects, within
a large entangled lattice of physical qubits. Quantum oper-
ations are then performed via the movement of such defects
around each other, known as braiding.

The entangled state that defines the effective Hilbert space
of the encoded space gives rise to two, interlaced lattices that
are dual to each other (referred to as the primal and dual lat-
tices). Qubit defects can be defined with respect to either
of these lattices and valid braiding operations performed be-
tween two defects of opposite type. A large array of logic
gates are therefore an interlaced network of braiding opera-
tions consisting of defect qubits of both types.

In this presentation we will illustrate how logic operations
can be reformulated such that they can be performed directly
between two defect qubits of the same type. This allows us to
perform logical gates between qubits with only a single type
of defect, giving rise to universality within the topological
model without utilising both the primal and dual spaces. This
reformulation replaces logical braiding of opposite type de-
fects with logical junctions with the same type of defect and
expanding the phenomenology to include more complicated
circuit constructions with simple defect junctions.

i

U:

Figure 1: Junction Identity from Ref. [4]. A closed Dual
braid is contracted, forming a junction encaged by a Dual de-
fect. The circuit equivalence is met by ensuring that the same
correlation surfaces are supported.

The basic identity that gives rise to this result arises from
the original junction rules of Raussendorf, Harrington and
Goyal [4]. These junction rules allow braiding circuits to be
rewritten as junctions. Illustrated in Fig. 1 is the defect con-
figuration introduced by Raussendorf er. al. where a closed
dual defect braiding with three pairs of primal defects is re-
placed by a junction of three primal defect pairs and a dual
cage enclosing the junction. Given this general rule we can
rewrite the structure of the braided CNOT gate [Fig. 2]. we
have in each step utilised the numbered rules from the original
work of Raussendorf er. al.. By inserting effective identity

Braided CNOT

(11)

b fou

o O B o @ 'CD:E:C:D
:@ﬁ@: “
(12) - B © @

W o -
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e o

Junction CNOT

Figure 2: Braiding identities to convert a standard two-qubit
CNOT gate into a junction. The respective moves are indi-
cated and identical to the rules shown in Ref. [4]

operations on the target and control qubits, the dual cage that
is formed when the CNOT is contracted into a junction can be
removed completely. Reversing the identity operations leads
to a junction based CNOT gate that does not require any dual
defects.

Universality in the topological model comes about via
the injection, distillation and teleportation of ancillary states
for R,(m/4), R,(w/4) and R,(w/8) rotations on a logi-
cally encoded qubit (which are constructed via CNOT gates).
These gates + the CNOT are sufficient for universality via
the Solovay-Kitaev theorem. Consequently, universality is
achieved without the need to utilise the dual space. Given
this new construction, other useful circuit structures can be
derived. This includes standard circuit identities and single
and multi-qubit measurements in either the X or Z basis.

An additional benefit to achieving universality via defect
junctions is that, in principle, two quantum computers are
available for the price of one. As computation can be re-
stricted exclusively to the primal space of the lattice, the Dual
space is essentially empty. Therefore, an independent quan-
tum circuit could be realised within the dual space using sim-
ilar junction circuits.
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The recent development of viable architectural designs for
large scale quantum computing and the continued increase in
precision reported by experimental groups suggests that large
scale quantum information processing may soon become a
reality. Advanced topological techniques for fault-tolerant
universal computation have raised the threshold (the physi-
cal error rate at which error correction becomes effective) to
a level comensurate with some of the most advanced exper-
imental systems. Given the possibility that large scale qubit
arrays could be built in the near future, the time has come to
address the classical programming requirements of a quan-
tum computer.

Some work has already been reported in this area [1, 2],
focusing on the ability to efficiently and quickly perform er-
ror decoding within the topological error corrected model.
Additional work has also occurred examining circuit opti-
misation for large quantum algorithms [3, 4]. However, a
significant issue with these latter studies is that they focus
on the optimisation of algorithms at the logical level (i.e. it
is implicitly assumed that each logical gate in the represen-
tation is a valid fault-tolerant, error corrected, operation on
some physical hardware). The primary purpose of a quan-
tum computer is to perform error correction, actual compu-
tation represents a very small percentage of the active oper-
ations and the construction of fault-tolerant gates commonly
requires resource intensive protocols such as state distillation,
the Solovay-Kitaev algorithm and qubit transport.

The purpose of this presentation is to illustrate the frame-
work for a classical programming model that is designed to
decompose a large quantum algorithm into an appropriate set
of valid encoded operations and to optimise the resources re-
quired to implement the algorithm of a physical computer.
The model of computation that we focus on is those based
on topological closes (specifically the surface code and the
Raussendorf lattice [5]). Illustrated in Fig. 1 is an exam-
ple of a small quantum circuit used to distill the encoded
state |0) + ¢|1) which is required to fault-tolerantly achieve
R, .(m/4) rotations. Each qubit in the topological model is
defined via a pair of holes (or defects) in a large entangled
lattice of physical qubits. Logic operations are achieved via
the movement of these defects around each other (known as
braiding). In terms of the physical resources required, the
quantum hardware is designed to simply produce the large
entangled state in which these operations occur. Hence re-
source requirements, in terms of total number of devices in
the quantum hardware and the time required to execute an al-
gorithm (which indirectly relates to the operational accuracy
of the physical hardware), are directly related to how a given
quantum circuit is converted and compacted into this series
of braids. Even for only a small number of logic gates, the
braiding sequences can be very large and ideally every part
of the physical cluster should be occupied with a qubit defect
such that resources are not wasted.
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Figure 1: A representation of the state distillation and injec-
tion circuit in terms of braiding operations in the topologi-
cal model. The efficiency of how braids are compactly con-
structed ultimately determines the spatial and temporal re-
sources required by the quantum hardware. The goal of a
classical compiler is to convert the quantum circuit at the logi-
cal level into this type of braiding sequence, constructed from
valid fault-tolerant primitives. Even for a comparatively small
algorithm, the total braiding representation is enormous.

The goal of the classical compiler is to determine a com-
pact sequence of braiding movements that faithfully repre-
sent the quantum algorithm at the logical level, incorporating
all valid circuit decompositions necessary to construct gates
from the valid fault-tolerant primitives.

We will introduce the formalism necessary to represent a
large braiding sequence, the general rules that lead to com-
pactification of the computation and how both circuit identi-
ties and braiding identities are incorporated to optimise braid-
ing. Finally we will present a comparison of several de-
signs for state distillation circuits (which ultimately comprise
the majority of operations within a large computation) which
have been determined from the compiler and designed by
hand.
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In order to demonstrate advantages of quantum computation
over classical computation, practically scalable architecture
design is essential. Quantum fault-tolerance theory ensures
scalable quantum computation with noisy quantum devices
as long as the error probability of such devices is smaller than
a threshold value (see Ref. [1] and references therein). The
noise thresholds have been calculated to be about a few %
for several fault-tolerant schemes under various assumptions
[2, 3, 4]. However, the existing fault-tolerant schemes require
many qubits live together in a single system and assume that
the whole system can be controlled with the same accuracy
regardless of its size. In experiment, however, the number
of qubits in a single system is rather limited; if we increase
the number of qubits in a single system, the control becomes
more and more complex, which makes it hard to achieve the
same accuracy.

In order to ensure practical scalability, it is natural to con-
sider a distributed situation, where local systems with a small
number of qubits are connected by quantum channels [5]. In
this context, it has been reported that if the local system con-
sists of only a single qubit, the tolerable rate of error in the
quantum channel (or remote entangling operation) have to be
as small as 0.01% [6, 7], although the success probability of
the channel can be very small ~ 0.1. Then, a natural question
is what happens if there are additional qubits in the local sys-
tem. Here, we answer this question. We propose a distributed
architecture for practically scalable quantum computation on
a two-dimensional (2D) array of small local systems [8]. The
local systems consist of only four qubits and connected with
their nearest neighbors in 2D by quantum channels as de-
picted in Fig. 1. We show that the proposed architecture
works well even with a gate error rate ~ 0.1%. Furthermore,
the quantum channel can be extensively noisy; the tolerable
error rate is as high as 30% (fidelity 0.7), which are substan-
tially higher than the case with the local system of a single
qubit [6, 7]. These results are achieved by utilizing twofold
error management techniques: entanglement purification [9]
and topological quantum computation (TQC) [3]. The for-
mer is employed to implement a reliable two-qubit gate by
using very noisy quantum channels with the help of quantum
gate teleportation. In particular, we apply high-performance
entanglement purification, so-called double selection scheme
[9], which is essential for achieving the above result. TQC is
used to handle the remaining errors and to archive quantum
gate operations of arbitrary accuracy, which is required for
large-scale quantum computation.

All key ingredients in the present architecture, (i) a four-
qubit system, (ii) gate operations in the four-qubit system, and
(iii) entangling operations between the separate systems, have
already been demonstrated experimentally in various physical
systems, such as trapped ions, nitrogen-vacancy centers in di-

Figure 1: The proposed architecture for distributed quantum
computation (see Ref. [8] for details).

amond, and superconducting qubits. In fact, the benchmarks
in trapped ion systems are comparable to the requirements
of the proposed architecture. We consider possible imple-
mentations of the proposed architecture by using trapped ions
and nitrogen-vacancy centers in diamond [8]. The proposed
scheme is further applied for the distribution of high-quality
entanglement for long distance quantum communication on a
distributed 2D quantum network.

These results push the realization of large-scale quantum
computation and communication within reach of current tech-
nology. We believe that this work gives a good guideline and
benchmark in the development of devices for quantum infor-
mation processing.
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Shor’s factoring algorithm [1] is held as one of the most
promising and useful applications of quantum computing. It
allows one to factor large numbers in polynomial time, un-
dermining the most common cryptographic schemes in use
today, such as RSA cryptography. The well known algorithm
is based on the quantum fourier transform to find the period
of a function, and also makes heavy use of the modular expo-
nentiation operation, given by,

U :|a)|0) — |a)|z®(modN)), (1)

where N is the number to be factored, and x is a random
positive integer coprime with N. The modular exponentiation
is the bottleneck of the algorithm, the portion that uses the
most time.

The generic algorithm can factorize any N in time order
(log V)3, assuming sufficient memory space for intermediate
calculations. Reducing the memory available (as long as it
still lies above a certain threshold) increases the time taken by
multiplicative factors, keeping its order the same in log(V).

However, for a given N, or class of N’s to factorize, the
generic algorithm may be suboptimal, and can be optimized
to result in substantial savings in both memory needed and
operation time [2, 3]. The different suboperations involved
in modular exponentiation can be made more efficient using
some known property of N. For example, multiplexed addi-
tion, repeated squaring, and multiplication block techniques.

There have also been experimental applications of these
optimized algorithms for the simplest of /N for which Shor’s
algorithm is applciable, N = 15. Experiments of this kind
using a photonic architecture have been demonstrated to in-
clude entanglement [4].

We extend this body of work by finding optimization tech-
niques for additional classes of V. In addition, we attempt
to create a formula for the correct optimization structure for
arbitrary N. We also propose experimental tests of the opti-
mized factorization algorithm.
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We investigate how distinguishability of a “noise” particle degrades interference of a “signal” particle. The signal,
represented by an equatorial state of a photonic qubit, is mixed with noise, represented by another photonic qubit,
via linear coupling on a beam splitter. The schema of the experiment is shown on figure 1. Signal source feeds the
interferometer with single photon. The noise source produces another single photon which couple with source photon
on the beam splitter with transmissivity 7. As to measure again the single photon visibility at the verification stage we
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Coupling X X
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source source
FIG. 1:

detach one photon from the bottom mode of the interferometer. We report on the degradation of the “signal” photon
interference depending on the degree of indistinguishability between “signal” and “noise” photon. When the photons
are principally completely distinguishable but technically indistinguishable (we are not able to technically measure
the difference between distinguishable modes) the visibility drops to the value 1/v/2. As the photons become more
indistinguishable the maximal visibility increases and reaches the unit value for completely indistinguishable photons.
We have examined this effect experimentally using setup with fiber optics two-photon Mach-Zehnder interferometer.
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FIG. 2:

On the figure 2 are plotted measured visibilities for distinguishable and indistinguishable scenario dependent on the

transmissivity 7' of the beam splitter (coupling strength). The visibilities are independent on T" and the maximal
visibility for distinguishable scenario reaches the value of 1/v/2. Main results were published in [1].
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Entanglement verification represents one of the most im-
portant tools in quantum information. Besides its mere appli-
cation in source or device testing it is often also a prerequisite
sub-protocol in more concrete tasks like quantum key distri-
bution [1] or teleportation as examples.

In its vast majority entanglement verification is examined
either in completely characterized or totally device indepen-
dent scenario. However, the assumptions imposed by these
extreme cases are often either too weak or too strong for real
experiments. Thus it is only natural to investigate intermedi-
ate scenarios, where only some partial knowledge of the em-
ployed devices is required. Besides, this investigation sheds
some light on the question, which assumptions are more cru-
cial than the others in entanglement verification. Moreover,
the derived entanglement criteria are promised to be more ro-
bust against calibration errors, while still keeping a large de-
tection strength, in particular when compared to Bell inequal-
ities.

In this talk we investigate the detection task for the inter-
mediate regime, where partial knowledge of the measured ob-
servables is known, and consider cases like orthogonal, sharp
or only dimension bounded measurements [2]. We show that
for all these assumptions it is not necessary to violate a corre-
sponding Bell inequality in order to detect entanglement. The
derived detection criteria can be directly evaluated for exper-
imental data, and are even capable of detecting entanglement
from bound entanglement states under the sole assumption
of only dimension bounded measurements, or detecting the
complete family of entangled two-qubit Werner states with
already three dichotomic measurement settings per side un-
der the same assumption.

In addition, we show by explicit examples that the above
listed properties of orthogonality and sharpness are mutually
exclusive, i.e.,, there are cases for which the extra knowl-
edge of the sharpness of observables is redundant if their
orthogonality is already assumed and vice versa. Moreover
we provide examples, where the extra knowledge of sharp
and orthogonal measurements is irrelevant for the detection
strength and already a dimension restriction suffices to verify
exactly the same amount of entanglement. We demonstrate
that the case of dimension bounded measurements bears a
non-convex problem structure, which must be exploited.

An example of the strength of our detection criteria is
shown in Fig. 1. Here we assume that the observed data can
be written as

. 1 ..
P(i, jlk, 1) = 1 (1414jC)

ey
with dichotomic outcomes ¢, j € +1, two possible measure-
ment settings per side k, [ € 1,2, and C' being the correlation
matrix of these data characterized only by its two singular
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Figure 1: Different detection regions for observations given
by Eq. 1 for different knowledge on the performed measure-
ments. Full characterization stands for sharp, orthogonal
qubit measurements. Let us point out that device independent
verification is not possible.

values A1, As.

Finally, we discuss the application of these results to quan-
tum key distribution and prove that for an entanglement based
BB84 protocol the familiar one-way key rate [3] is given by

R>1—2hy(e) 2)
with hs being the binary entropy and e the symmetric bit error
rate holds already if one of the parties is measuring a qubit;
the additional knowledge that this party is measuring in two
mutually unbiased basis, like ox and oz, or even that the
measurements are pure projectors, is not needed to ensure this
rate.
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If our DVD disks and drives had no constraint on how the
disks encode information (via some combination of ampli-
tude and phase modulation of the probe light), and no con-
straints on the quantum states of light and receiver mea-
surements that the drives could implement, what is the best
achievable efficiency with which data could be read optically?

A K-mode transmitter sends Ng mean photons towards
each memory pixel (see Fig. 1). Each pixel is effectively a
beamsplitter, &g”’k) = \/Mejgmdgm’k) + \/1—7%&;1"*’“),
with ZkK:l(&g"’k)ng"’k)) < Ng, with the environment
modes &%m,k') in vacuum states. With, (a) an optimal choice
of probe (including entangled states), (b) an optimal modula-
tion format for the pixels, (c) an optimal codebook, and (d)
an optimal receiver (including joint-detection receivers that
make a collective measurement on reflection from multiple
pixels), how may bits C'(Ng) can be reliably read per pixel?
v et -
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N
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Figure 1: Memory pixels that encode classical information by
modulating amplitude and/or phase of an optical probe.

We classify all optical transmitters into three types. Type 1
is a classical transmitter—either a coherent state or a mix-
ture thereof. Types 2 and 3 are non-classical states. But,

Type 3 retains idler modes 6L<Im>

gled with the signal modes &(Sm). We consider the case of
K =1, i.e., a single-mode probe state. In this case, the re-
turn modes from the M pixels can be looked upon as a code-
word (spatial <+ temporal modes), and from the converse of
the Holevo capacity theorem from Ref. [1], for Type 1 and
Type 2 probes, we have, C'(Ng) < g(Ng) bits/pixel, where
g(x) = (14 z)log(1l + =) — xlogx. However, reading is
more constrained than communication, since, (a) the read-
ing transmitter has less encoding/modulation control, and (b)
the photon efficiency of reading is more constrained for am-
plitude modulation formats, since a modulated symbol with
NmNg photons consumes Ng transmitted photons (even for
a lossless return-path channel—which we assume throughout
in order to focus on the fundamental aspects of the problem).

We show that there is no fundamental upper limit to the
number of information bits that could be read reliably per
probe photon! However, using a noiseless coherent-state
probe, an on-off amplitude-modulation pixel encoding, and
signal-shot-noise-limited direct detection at the receiver (a
very optimistic model for CD/DVD technology), the high-
est photon information efficiency (PIE) achievable is about
0.5 bit per transmitted photon. This is unlike optical commu-
nication, where on-off-keyed signaling and direct detection

at the transmitter, entan-
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P A
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Figure 2: Photon efficiency and capacity of reading: Holevo
and Shannon bounds for quantum and classical transceivers.

can attain unlimited PIE [2]. We then show that a coherent-
state probe can read unlimited bits per photon, when, (a)
the receiver is allowed to make joint (collective) measure-
ments on the reflected light from a large block of pixels,
and (b) phase modulation is allowed. We show that un-
like in communication [1], coherent states cannot attain the
Holevo bound. They come close in the high PIE (Ng < 1)
regime, but there is a significant gap in the high capacity
(Ns > 1) regime, even when both amplitude and phase mod-
ulation are allowed. We show examples of a Type 2 and a
Type 3 (two-mode squeezed-vacuum) transmitter that can at-
tain C'(Ng) = g(Ns) bits/pixel exactly, with a phase-only
modulation. A sequential decoding receiver that uses beam-
splitters, phase-sensitive amplifiers, phase plates, and a non-
destructive vacuum or not measurement can achieve this ca-
pacity [3]. Finally, we construct a spatially-entangled (Type
2) probe, which can read unlimited number of error-free bits
using a single photon prepared in a uniform superposition of
multiple spatial locations, the so called W-state. The code,
target and joint-detection receiver complexity required by a
coherent state transmitter to achieve comparable photon effi-
ciency is much higher than that of the W-state transceiver.
SG, ZD acknowledge the DARPA InPho contract# HR0011-10-C-0162.
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Characterizing multiparticle quantum correlations via exponential families
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Correlations between different parts of a physical system
are ubiquitous in nature. The characterization of these corre-
lations is important not only in quantum information theory,
but also in other fields in physics, such as condensed matter
theory or in the analysis of nonlinear dynamics and chaos.

For classical complex systems consisting of interacting
particles an approach to characterize complexity with the help
of exponential families has been developed [1, 2, 3]. For that,
one considers a dynamical system composed of N particles
each of which can be observed to be in one of two different
states, referred to as 0 and 1. At any given time the state
w = (01,...,0n) of the system is therefore found to be an
element of Q = {0,1}". Time averaging of the dynamics
leads then to a stationary distribution P(-) of the system as a
probability distribution over 2.

Given such a distribution, P(-), one can ask whether or
not it is the thermal state of a Hamiltonian with k-particle
interactions only, i.e., whether one can write

1 k
P(w) = - exp[H®) (w)] M
where H®*) (w) is a Hamiltonian containing only j-particle
terms with j = 1,..., k, and where Z is a constant ensuring
normalisation. The set of all probability distributions of this
type is called the exponential family &j.

If this is not the case, one can then use the distance Dy,
quantified by the relative entropy from the set of all distri-
butions generated by k-particle interactions as a measure of
complexity of P(-). That is, one defines

Di(P) := inf D(P|Q), @
where D(P||Q) is the relative entropy or Kullback-Leibler
distance

DIPIQ) = 3 Ple)loms 2.
weN

3)
This correlation measure has been used to investigate the be-
haviour of coupled iterated maps or cellular automata [2, 3].
Here, it is important to note that there are efficient numerical
procedures to compute the optimum in Eq. (2).

For the quantum case, the same question can be asked:
Given a multiparticle density matrix g, can it be written as
a thermal state of a k-particle Hamiltonian? And if not, how
large is the distance to the closest state in the correspond-
ing exponential family, now denoted by Qx? In Refs. [4, 5]
some properties of the closest state and the resulting correla-
tion measure have been derived.

In our contribution, we will first present a simple algorithm
to compute the closest state in Q. We will compare it with

other algorithms which can in principle be used for this op-
timization and demonstrate that our approach leads to better
results in most of the relevant cases.

Then, we will proceed and investigate the convex hull of
the exponential family Qj. The set of all thermal states of
one-particle Hamiltonians Q; is the set of the states of the
form

“

hence the convex hull equals set of all fully separable states,
and a state which is not fully separable is called entangled.
This notion is well studied in quantum information theory.
In this sense, the investigation of the convex hulls of all O,
leads to a natural generalization of the notion of multiparticle
entanglement.

We will mainly investigate graph states, a family of
multi-qubit states, which are of eminent importance for
measurement-based quantum computation and quantum er-
ror correction. We will prove that no graph state is within Qo
or its convex hull. We will also present rigorous estimates
on the fidelity of a graph state for states from Qs. It is well
known that most graph states cannot be ground states of two-
body Hamiltonians [6, 7], but our formalism allows to com-
pute bounds on how well these states can be approximated
by thermal states of two-body Hamiltonians. Moreover, our
results lead to criteria which can be used experimentally to
prove that a prepared state requires more than k-particle in-
teractions for its generation.

0=01®E2® - QonN,
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Manipulation of atomic qubits in a chain of trapped ions uti-
lizing Coulomb interaction among them is a promising way
to construct a modest-size quantum register [1]. Quantum
logic gates can be performed between two remote ions using
entanglement generated via exchange of photons [2], which
leads to the possibility of connecting two remote chains to-
gether to form a larger quantum information processor. These
two physical mechanisms can be used to realize a quantum
computer architecture where multiple ion chains are intercon-
nected through a reconfigurable all-optical network [3].

Practical implementation of this architecture starts with a
means to fabricate and operate the ion traps in a scalable
way. Silicon microfabrication techniques can be applied to
the design and batch fabrication of complex ion trap struc-
tures [4, 5]. In this work, we trap individual 171yb* ions
and demonstrate fundamental quantum information process-
ing protocols in a microfabricated surface trap fabricated by
Sandia National Laboratories. Figure 1 (a) shows a sin-
gle Yb* ion trapped in the Sandia Thunderbird surface trap,
which is a linear trap with a long open slot etched in the sili-
con substrate. The trapping fields are formed by two RF elec-
trodes along the length of the slot, which is further segmented
by a number of DC electrodes. The ion is trapped and cooled
using a diode laser near 370nm, and optically pumped into
the hyperfine ground state |0) (Fig. 1b). A single-qubit rota-
tion can be induced either by a microwave field resonant with
the qubit separation (hyperfine splitting of 12.6 GHz), or by
two coherent optical fields with a frequency separation iden-
tical to the hyperfine splitting that drives a Raman transition.
Alternatively, the Raman transition can be driven by a fre-
quency comb whose repetition rate is stabilized to an integer
fraction of the hyperfine splitting [6]. We use an off-resonant
frequency comb generated by a frequency-doubled picosec-
ond Ti:Sapphire pulsed laser to drive single qubit gates in an
inherently scalable way. The qubit state can be measured by
state-dependent fluorescence, with over 98% fidelity. Figure
1(c) shows the Rabi oscillation of the ion qubit using this
method, with 7-times of about 3us. The coherence time of
the qubit is measured using Ramsey interferometry, where
the qubit state |0) is first put in a coherent superposition state
by a 7/2-pulse and then driven into the |1) state with a sec-
ond 7/2-pulse after a time delay of 7. The fringe contrast
of this process as a function of 7 can be used to measure the
coherence time of the qubit, which is determined to be ap-
proximately 600 ms (Fig. 1d).

A complete path to integration must include scalable solu-
tions for both the qubit data path and classical controllers nec-
essary to manipulate them. It is relatively straightforward to
trap a chain of ions to expand the number of qubits in the sys-
tem. Individual addressing of a linear chain of atoms can be
achieved in a scalable way using a micro-electromechanical
systems (MEMS)-based beam steering system [7], and a lin-

ear array of single photon detectors such as photomultiplier
tubes can be used to parallelize the state detection process.
Efficient optical interfaces for photon-mediated ion entangle-
ment used to interconnect multiple chains can be realized by
incorporating optical cavities into the ion trap structures. In-
tegration of these technologies for the control of long-lived
qubits in silicon microfabricated traps demonstrated in this
work provides a promising platform for realizing scalable
quantum information processors.
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Figure 1: (a) A single Yb™ ion trapped in the Sandia Thun-
derbird surface trap. (b) Simplified level scheme for the
171yb* qubit. (c) Rabi oscillations induced by the repetition-
rate stabilized pulsed laser. (d) Coherence time of the qubit
(~600ms) measured using Ramsey interferometry.
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We investigate, both theoretically and experimentally, the de-
terministic generation of non-classical states of light by using
giant non-linearities due to long-range interactions between
Rydberg polaritons.

Atomic ensembles play a prominent role in quantum op-
tics. For instance, a quantum state of light can be stored in
an ensemble of cold atoms as a polarisation wave involving
two long-lived atomic states. If one of these two is a Ry-
dberg state, the evolution of this polariton will be strongly
affected by long-range atomic interactions. As a result, a
coherent pulse of light stored in the atomic medium should
spontaneously turn into a non-classical polaritonic state. This
state could be subsequently retrieved as a non-classical pulse
of light by using a control laser nearly resonant with a third,
short-lived atomic level.

We have theoretically investigated the evolution of a coher-
ent optical pulse stored as Rydberg polaritons, and obtained
simple analytical expressions describing this evolution at any
time. One simple interesting result is that for long times, the
interactions between Rydberg atoms should act as “quantum
scissors” on the quantum state, and the retrieved optical pulse
should become a coherent superposition of zero and one pho-
ton presenting a non-classical, negative Wigner function [1].

In order to observe this negative Wigner function in a ho-
modyne measurement, the optical pulse must be retrieved not
only with a high efficiency, but also in a well-defined spatial
and temporal mode. We theoretically demonstrated that by
using a low-finesse optical cavity and a well-adjusted readout
laser pulse these constraints can be simultaneously satisfied
[2]. The extraction efficiency as well as the modal purity can
approach unity, and the non-classical Wigner function of the
prepared state should be observable with realistic experimen-
tal parameters.

As a first step in this direction, we are currently experi-
mentally investigating the response of the system shown on
figure 1 (a Rydberg gas in a Rubidium cloud trapped inside
the mode of an optical cavity) to a classical probe beam [3].
We analyze the transmission of this beam coupled to the
lower transition through this system, in order to observe non-
linear dispersion of the light induced by Rydberg-Rydberg
interactions when the atomic medium is under the influence
of a strong coupling beam [4].

Rydberg state
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Figure 1: Rubidium level scheme and experimental system.
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In arecent set of experiments, two component BECs were re-
alized on atom chips realizing full single qubit control on the
Bloch sphere and spin squeezing [1]. Currently, the primary
application for such two component BECs is for quantum
metrology and chip based clocks. In this paper we discuss its
applications towards quantum computation. Although BECs
have been considered for quantum computation in the past,
the results have shown to be generally been unfavorable for
these purposes due to enhanced decoherence effects due to
the large number of bosons N in the BEC. In this work we
consider a different encoding of the quantum information,
which to a large extent mitigates this problem. We develop
the framework for quantum computation using this encoding,
illustrated with several quantum algorithms.

Our basic procedure is to encode a standard qubit state
a|0) + 3|1) in the BEC in the state

10), )

1 N
|, B)) = i (aa' + B0")
where « and [ are arbitrary complex numbers satisfying
|a? + |B]? = 1. The state |a, 3)) can be manipulated us-
ing Schwinger boson operators S = a'b + bfa, SY =
—iatb +ibta, S* = ata — b'b, which satisfy the usual spin
commutation relations [S¢, S7] = 2i61;ijk, where €;j;, is
the Levi-Civita antisymmetric tensor. Despite the widespread
belief that for N — oo the spins approach classical vari-
ables, a two qubit interaction Hy = S7.S5 generates gen-
uine entanglement between the bosonic qubits. As a mea-
sure of the entanglement, we plot the von Neumann entropy
E = —Tr(py1log, p1) in Figure la. For the standard qubit
case (N = 1), the entropy reaches its maximal value at
Qt = 7 /4. For the bosonic qubit case there is an initial sharp
rise, corresponding to the improvement in speed of the entan-
¢gling operation.

Such two qubit gates can be implemented via a cavity
QED implementation realizing a quantum bus between qubits
[2]. Together with one qubit gates, these can be shown to
form a universal set of gates to perform an arbitrary quantum
computation [2]. To illustrate this, we perform a simulation
of Grover’s algorithm in the continuous time formulation,
which for BECs amounts to executing the Hamiltonian Hg =
N2 L [1 + %] FN2[ML L {1 + ?v] The bosonic
qubits are prepared in the state | X) = [T, |75 75))n and
evolved in time by applying H. The system then executes
Rabi oscillations between the initial state |X) and the solu-
tion state | AN S). The time required for a half period of the
oscillation is found to be ¢ ~ v/2M /N, which has the same
square root scaling with the number of sites, but with a further
speedup of N.

Finally, we consider decoherence effects due to the use of
BEC qubits. Consider the simplest case when a quantum state

is stored in the system of qubits and no gates are applied,
i.e. when the BEC qubits are used to simply store a state.
The main channels of decoherence in this case are dephasing
which can be modelled via the master equation

dp

M
i =5 LS =28 s @
n—

where I', is the dephasing rate. For a standard qubit regis-
ter, the information in a general quantum state can be recon-
structed by 4™ — 1 expectation values of (I, 57,57, S7) ®
<+ @ (In, S%;, 5%, 5%). Examining the dephasing of the
general correlation (], SﬁL(n)) where j(n) = I,z,y,z,
we obtain the general decay relation ([, LIARME
exp[—2T", K,t]. Here K, is the number of non-commuting
52 operators with SZ (i.e. j(n) = z,y), which is indepen-
dent of N and is at most equal to M. The crucial aspect to
note here is that the above equation does not have any N de-
pendence. In fact the equation is identical to that for the stan-
dard qubit case (/N = 1). This shows that for correlations of
the form (T, Sfl(")> there is in fact no penalty due to large IV,
showing that BECs can store quantum states. We also show
the effects of decoherence during the execution of Grover’s
algorithm in Figure 1b. We observe that the fidelity of the
algorithm is in fact improved with N, which can be under-
stood as originating from the fast two qubit gate times which
completes the gate before decoherence sets in. This work is
supported by Navy/SPAWAR Grant N66001-09-1-2024.
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Figure 1: a The entanglement normalized to the maximum
entanglement (E,,, = logy(N + 1)) between two bosonic
qubits for the particle numbers as shown. b Rabi oscillations
executed by the Grover Hamiltonian for M = 2 for various
boson numbers as shown. The dotted line shows the mean
field result corresponding to the N — oo limit, while dashed
lines include dephasing of I', = 0.2.
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One of the key elements in an optical network for trans-
mitting and manipulating quantum information is an optical
memory that is capable of storing and recalling, on demand,
optical states without significant loss or addition of noise. A
candidate technique for the implementation of such a memory
is the A gradient echo memory (A-GEM)[1], which uses an
off-resonant Raman transition to couple an optical mode to a
long-lived atomic spin coherence in a reversible manner. This
technique has been demonstrated to store and recall quantum
states of light beyond the quantum and no-cloning limits [2].

Optical quantum networks will also require active and pas-
sive linear optics to process the information in a manner that
does not disrupt the quantum state of the light. These optical
devices, required for operations such as state preparation, de-
tection, multiplexing/demultiplexing and routing, consist of
beam-splitters, delay-lines, phase-shifters, electro-optic mod-
ulators and other common components. Here we show that
A-GEM can behave as a dynamically configurable linear op-
tical network. Linear operations can be performed directly
on time- or frequency-bin qubits while they are stored in the
memory.

K(em?

Figure 1: Numerical simulation of interference between an
optical mode and the spin coherence of the atomic ensemble.
The horizontal plane shows the optical modes. The vertical
plane shows the spin coherence in the Fourier domain.

The memory can be used as a network of arbitrary beam-
splitters operating on adjacent time-bin modes. Control over
the coupling strength and phase between an optical pulse and
a stored mode is effected by tuning the power and phase of the
coupling field. A pulse can be stored in the memory, wholly
or partially, and made to interfere with a pulse arriving at a
later time with full control over the coupling amplitude. The
portion of the two pulses that interferes into the coherence re-
mains in the memory for future use. Numerical simulations,
such as the one shown in figure 1, yield near unity fringe vis-
ibility and a visibility of 68% has been obtained experimen-
tally [3].

The frequency selectivity of the coupling fields can also

Figure 2: Numerical simulation of an arbitrary operation be-
ing performed by the memory on three optical modes. Three
pulses, 51-5’3, enter from the left and are stored into three
memories via corresponding coupling fields which have am-
plitudes determined by the eigenvectors of a unitary opera-
tion. (a)-(c) are the optical modes in the original optical basis.
(d)-(f) are the modes in the eigenbasis of the operation which
is being performed. On recall, the phases of the coupling
fields are changed such that the intended unitary operation is
performed on the three frequency modes.

be used for operations in the frequency domain. An optical
pulse can be stored from one frequency mode and recalled
on another such that the memory can be used for frequency
multiplexing and routing. The mode which is coupled to the
memory, however, can also consist of an arbitrary superpo-
sition of frequencies. From this, arbitrary unitary operations
can be performed directly on frequency multiplexed optical
modes.

For N optical modes, we require /N memories to perform
an arbitrary operation. This is done by storing each eigen-
mode of the operation that is to be applied in a separate mem-
ory and then recalling it with a phase shift determined by
the eigenvalue. In this manner any unitary operation can be
performed by selecting the appropriate coupling field ampli-
tudes. The operation can be as efficient as a storage and recall
event and can yield near-unity fidelity. A numerical simula-
tion is shown in figure 2. Experimentally, a fringe visibility
of 73% was observed for a two-mode operation [3].
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The use of a Spatial Light Modulator (SLM) to
generate optical traps for ultracold atoms opens
the possibility of forming non-periodic and non-
trivial patterns of dipole traps to create trapping
geometries not achievable using existing
techniques. The SLM is an inherently dynamic
tool that offers the opportunity to generate
smooth, time-varying optical potentials that can
in principle be employed to achieve full coherent
control over the trapped gas. We outline the
work in progress at St Andrews to achieve novel
trapping geometries for ultracold atoms using an
SLM.
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An exciting frontier in quantum information science is the
integration of otherwise “simple” quantum elements into
complex quantum networks [1]. The laboratory realiza-
tion of even small quantum networks enables the explo-
ration of physical systems that have not heretofore existed
in the natural world. Within this context, there is active re-
search to achieve lithographic quantum optical circuits, for
which atoms are trapped near micro- and nano-scopic dielec-
tric structures and “wired” together by photons propagating
through the circuit elements. Single atoms and atomic ensem-
bles endow quantum functionality for otherwise linear optical
circuits and thereby the capability to build quantum networks
component by component.

Following the landmark realization of a nanofiber trap
[2, 3], we report the implementation of a state-insensitive,
compensated nanofiber trap for atomic Cesium (Cs) [4]. For
our trap, differential scalar shifts §Uscalar between ground
and excited states are eliminated by using “magic” wave-
lengths for both red- and blue-detuned trapping fields. In-
homogeneous Zeeman broadening due to vector light shifts
OUyector 18 suppressed by =~ 250, by way of pairs of counter-
propagating red- and blue-detuned fields.

A cloud of cold Cesium atoms (diameter ~ 1 mm) spatially
overlaps the nanofiber. Cold atoms are loaded into Uy, dur-
ing an optical molasses phase (~ 10 ms) and are then op-
tically pumped to 65 /3, F' = 4 for 0.5 ms. The red- and
blue-detuned trapping fields are constantly ‘on’ throughout
the laser cooling and loading processes. For the transmission
and reflection measurements, the trapped atoms are interro-
gated by a probe pulse with an optical power Pyrobe >~ 0.1
pW and detuning § relative to F' = 4 <> F’ = 5.

The compensation of scalar and vector shifts results in a
measured transition linewidth I'/2m = 5.7 = 0.1 MHz for Cs
atoms trapped 7y, =~ 215 nm from the surface of an SiO2
fiber of diameter 430 nm, which should be compared to the
free-space linewidth I'g /27 = 5.2 MHz for the 65 /5, I' = 4
— 6P3/9, F' = 5 Cs transition. Compared to previous work
with hollow-core and nano-fibers, the atoms are trapped with
small perturbations to dipole-allowed transitions with reso-
nant frequency shift by A/27w < 0.5 MHz. Probe light trans-
mitted through the 1D array of trapped atoms exhibits an op-
tical depth dy = 66 £ 17 as shown in Figure 1. From the
measurements of optical depth and number N of atoms, we
infer a single-atom attenuation d; = dy /N =~ 0.08, as well
as enhanced spontaneous emission rate ['; p ~ 0.2 MHz into
the waveguide.

The reflection from the 1D atomic array results from the
backscattering of the electromagnetic field within the 1D sys-
tem. The randomness in the distribution of N atoms among
Nsites trapping sites can thus greatly affect the reflection spec-
trum Ry (). We observe Ry (d) from the 1D atomic array,

where the measured Lorentzian linewidth I' is significantly
broadened from I'y for large N (with N < ngjte), in direct
proportion to the entropy for the multiplicity of trapping sites.
These advances provide an important capability for the imple-
mentation of functional quantum optical networks and preci-
sion atomic spectroscopy near dielectric surfaces.
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Figure 1: Probe transmission spectra T¥)(8) for N trapped
atoms as a function of detuning ¢ from the 6573, F' = 4 —
6P3/5, F' = 5 transition in Cs. From fits to TW)(5) (full
curves), we obtain the optical depths dy at 6 = 0 and
linewidths T. TXV)(8) (i) at 7 = 299 ms with dy = 1.2+0.1
and I' = 5.8 £ 0.5 MHz and (ii) at 7 = 1 ms with dy =
66 £ 17.
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The theoretical description of strong correlations in the
non-equilibrium transport through quantum dots represents
a major challenge and require the development of suitable
techniques. Using the real-time renormalization-group ap-
proach [1], we present results for the nonlinear transport and
the time evolution into the stationary state for two paradig-
matic model systems: the interacting resonant level model
describing a quantum dot dominated by charge fluctuations
[2, 3], and the Kondo model for a dot with spin fluctuations
[4, 5]. In the stationary state, the finite bias voltage V' driving
the system out of equilibrium introduces new effects in the
current and differential conductance as well as in the charge
and spin susceptibilities due to the availability of additional
transport channels.

Furthermore, we investigate the time evolution and relax-
ation in quantum dots. In particular, the derivation of re-
laxation and decoherence rates and their dependence on the
microscopic system parameters is of fundamental importance
for the use of quantum dot systems in future quantum infor-
mation technology applications. For the considered model
systems the analytic solution of the renormalization-group
equations allows to identify the microscopic cutoff scales that
determine these rates. Exploring the entire parameter space,
we find rich non-equilibrium physics for the quench dynam-
ics after a sudden switch-on of the level-lead couplings. The
time evolution of the dot occupation and current is gov-
erned by an exponential relaxation modulating characteristic
voltage-dependent oscillations, see Fig. 1.
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Figure 1: Time evolution of the dot occupation < n(t) > and
the current 7(t).

In addition, the relaxation dynamics towards the steady
state features an algebraic decay with interaction-dependent
exponents. In the short-time limit we find universal dynamics
for spin and current.
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Realistic correlation measurements in quantum systems
are in many cases not compatible with the standard projec-
tive measurement scheme. However, correlations can be ad-
dressed in the more general framework of weak measure-
ments, which do not disturb the system but add detector noise
instead to the quantum outcome. At present it is unclear how
to characterize uniquely the non-disturbing limits of quantum
measurements. The aim of our contribution is first to char-
acterize weak measurements in general using a minimal set
of physically motivated assumptions and second to apply the
resulting concept of a quasiprobability to violate some novel
sets of classical inequalities for continuous variables.

We first use minimal sets of physical assumptions for the
measurement process and propose two generic descriptions
of weak measurements leading to two distinct definitions of
quasiprobabilities [1]. These quasiprobabilities are some-
times negative, but nevertheless meaningful because they are
measurable after subtracting the unavoidable detector noise.
Consequently, correlation functions of a quantum variable
can be extracted from classically stored signals. There are
infinitely many possible generalized measurement schemes
equivalent to arbitrary chains of detection devices. We want
to establish a clear-cut separation between the outcome of the
measurement and the effects due to the detection process in
the limit of a noninvasive measurement. We expect the prob-
ability of the detected outcome to be a convolution of external
background detection noise (that is independent of the actual
outcome), and intrinsic quantum signal fluctuations which —
as we shall see — can be only described by a quasiprobability.
To define a quasiprobability, we still need several assump-
tions which reflect the natural expected properties of the bare
outcome of the quantum measurement. Since they cannot all
be satisfied simultaneously, we will pursue two distinct pos-
sibilities: (i) we will assume the outcome depends locally
in time on the observable. (ii) we will assume that systems
and detector are in thermal equilibrium. Both are in agree-
ment with already known theoretical applications of weak
measurement and performed experiments [2]. The time-local
measurement scheme is consistent with the intuition that the
detector has no memory, i.e., registers only instant values of
the outcome. The other scheme assumes some memory of
the detector but is consistent with the expectation that no in-
formation can be transferred in thermodynamic equilibrium.
The scheme (i) is consistent with the simplest classical mea-
surement picture often found in experiment, while (ii) is of-
ten found in absorptive detectors (e.g. photodiode), where
nonequilibrium fluctuations are absorbed without reflection
far from the measured system.

If we assume classical macrorealism in quantum mechan-
ics then the statistics of the outcomes with the detection noise

subtracted in the limit of noninvasive measurement should
correspond to a positive definite probability. In contrast,
we show that the assumption of macrorealism is violated by
demonstrating that our quasiprobability is somewhere nega-
tive. Such violation has been recently demonstrated experi-
mentally [3]. In fact, if we additionally assume dichotomy
or boundedness of the quantum outcomes, the violation can
occur already on the level of second order correlations of a
single observable as shown by Leggett, Garg and others [4].
However, without these additional assumptions, second order
correlations are not sufficient to violate macrorealism. In-
stead, one needs at least fourth order averages to see this vio-
lation. We demonstrate that a special fourth order correlation
function in the two-level system can reveal the negativity of
the quasiprobability in this case and consequently can be used
to violate macrorealism, without any additional assumptions
[5].

The creation and detection of entanglement in solid state
electronics is of fundamental importance for quantum infor-
mation processing. We propose a general test of entanglement
based on the violation of a classically satisfied inequality for
continuous variables by 4th or higher order quantum corre-
lation functions [6]. Our scheme can be used for example
for current correlations in a mesoscopic transport setup and
paves an experimental way to close the loophole based on the
assumption of quantized detection of single electrons as re-
quired by entanglement test based on the usual Bell inequal-

ity.

References

[1] A.Bednorz and W. Belzig, Phys. Rev. Lett. 105, 106803
(2010)

[2] E. Zakka-Bajjani et al., Phys. Rev. Lett. 99, 236803
(2007); J. Gabelli and B. Reulet, Phys. Rev. Lett. 100,
026601 (2008); J. Stat. Mech. P01049 (2009); E. Zakka-
Bajjani et al., Phys. Rev. Lett. 104, 206802 (2010); A.
H. Safavi-Naeini, Phys. Rev. Lett. 108, 033602 (2012).

[3] A. Palacios-Laloy, F. Mallet , F. Nguyen , P. Bertet, D.
Vion,D. Esteve, and A.N. Korotkov, Nat. Phys. 6, 442
(2010).

[4] A.J. Leggett and A. Garg, Phys. Rev. Lett. 54, 857
(1985).

[5] A.Bednorz, W. Belzig, and A. Nitzan, New J. Phys 14,
013009 (2012).

[6] A. Bednorz and W. Belzig, Phys. Rev. B 83, 125304
(2011).

P1-68



178

QCMCy:,

Vienna, Austria

Delocalised Oxygen models of two-level system defects in superconducting phase

qubits

Timothy C. DuBois, Manolo C. Per, Salvy P. Russo and Jared H. Cole

Chemical and Quantum Physics, School of Applied Sciences, RMIT University, Melbourne, 3001, Australia

Superconducting circuits based on Josephson junctions (JJ)
are promising candidates for qubits, single electron transis-
tors & SQUIDS. Decoherence in these systems is currently
the largest obstacle that needs to be overcome before long co-
herence times can be realised. This decoherence is often sug-
gested to come from environmental two-level systems (TLS)
[1], which have been studied extensively in glassy systems
[2].

Recent experiments in superconducting phase- and flux-
qubits have shown that ‘strongly-coupled’ defects can also
be observed [3, 4, 5]. These defects are stable, controllable
and have relatively long decoherence times themselves. This
provides an opportunity to study the nature of the defects in
general.

Many TLS properties have been measured, but the micro-
scopic origin of the defects has been quite elusive. Many
phenomenological models have been put forward to describe
them: charge dipoles coupled to the electric field [6], forma-
tion of Andreev bound states affecting the junctions’ critical
current [7], magnetic dipoles coupled to the magnetic field
[8], TLS state changing the JJ transparency [9] & Kondo im-
purities [10]. Qualitative evaluation of these defect models
unfortunately show that parameters for each model can be
equally well fitted to experimental data and are therefore cur-
rently indistinguishable [11].

In this work we take an alternative approach: building a mi-
croscopic model from the bottom up. This allows us to make
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Figure 1: z projection of 2D potential (outer region) and
wavefunction (central islands) showing the location probabil-
ity of the Oxygen atom within the cluster when the system is
in the (a) ground state and (b) first excited state. (c) x pro-
jection of lowest four wavefunctions and energies. Splitting
energies are labeled for associated quasi-degenerate states.

concrete predictions about the properties of these defects as a
function of strain, temperature and stoichiometry; leading to
better fabrication and design control over the defects.

A pertinent example defect in crystal Silicon is the Oxy-
gen interstitial. For this defect, the harmonic approximation
for atomic positions cannot be applied due to the rotational
symmetry of the defect as Oxygen delocalises around the Si-
Si bound axis. This forms an anharmonic system even in a
“perfect” crystal [12].

Inspired by this defect, we consider delocalised Oxygen
as an ansatz for two-level defects in amorphous Aluminium
Oxide (a-AlOy), which is generally used as the insulating bar-
rier in Aluminium based JJs. Many different spacial config-
urations can exist beyond the trigonal symmetry of Corun-
dum, although we initially consider a cubic lattice of six Alu-
minium atoms with an Oxygen atom at its centre as our pro-
totype defect.

We build a one dimensional model and show that we can
observe splitting energies of 2 — 45 peV for O-Al spacings
of | X| = |Y| = 2 — 4 A. In this parameter regime, we see
dipole element sizes of O(1 A), which compares well to that
measured in experiments [6, 3, 11]. Similar energy scales are
observed when the Oxygen is allowed to delocalise in two
dimensions.

This model shows that such two-level defects can arise
in a-AlOy without any alien species present. This suggests
changes in fabrication processes are required to eliminate
such defects.

References
[1] P. Dutta et al., Rev. Mod. Phys., 53, 497-516, (1981).

[2] P. W. Anderson et al., Phil. Mag., 25, 1-9, (1972).

[3] Y. Shalibo et al., Phys. Rev. Lett., 105, 177001, (2010).
[4] A. Lupascu et al., Phys. Rev. B, 80, 172506, (2009).
[5] J. Lisenfeld et al., Phys. Rev. Lett., 105, 230504, (2010).
[6] J. Martinis et al., Phys. Rev. Lett., 95, 210503, (2005).
[7] R. de Sousa et al., Phys. Rev. B, 80, 094515, (2009).

[8] S. Sendelbach et al., Phys. Rev. Lett., 100, 227006,
(2008).

[9] L. Ku and C. Yu, Phys. Rev. B, 72, 024526, (2005).
[10] L. Faoro et al., Phys. Rev. B, 75, 132505, (2007).
[11] J. H. Cole et al., App. Phys. Lett., 97,252501, (2010).
[12] E. Artacho et al., Phys. Rev. B, 51, 7862-7865, (1995).

P1-69



QCMCy:,

Vienna, Austria

179

Using quantum state protection via dissipation in a quantum-dot molecule to solve

the Deutsch problem

Marcio M. Santos', Fabiano O. Prado', Halyne S. Borges', Augusto M. Alcalde!, José M. Villas-Bdas' and Eduardo I. Duzzioni'

Y Universidade Federal de Uberlandia, Uberlandia, Brazil

The wide set of control parameters and reduced size scale
make semiconductor quantum dots attractive candidates to
implement solid-state quantum computation. Considering an
asymmetric double quantum dot coupled by tunneling, we
combine the action of a laser field and the spontaneous emis-
sion of the excitonic state to protect an arbitrary superposition
state of the indirect exciton and ground state. As a by-product
we show how to use the protected state to solve the Deutsch
problem [1].
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Nitrogen-vacancy or NV centres in diamond are among the
most promising solid-state systems for quantum information
processing as they possess convenient properties such as
optical initialisation and read-out, a ZPL at 637 nm with
transform-limited emission at low temperatures. Most im-
portantly, the NV centre possesses a long room-temperature
electron coherence lifetime [1]. It is on the order of 100 ps
in natural diamond, and reaches values approaching 2 ms in
artificial isotope-purified (spinless) carbon-12 diamonds.

It is possible to (probabilistically) create NV centres by
implantation with a spatial resolution on the order of + 25
nm [2]. It was furthermore shown that the electron spin can
be entangled with the polarisation of a photon emitted by
the NV centre if the emission occurs via the zero-phonon
transition [3]. This lays the basis for an entanglement by
projective measurement of remote NV centres. These experi-
ments are hindered only by the weak zero-phonon transition
of diamond, which makes up only 4 % of its radiative decay,
but this transition can be strongly enhanced by coupling the
NV centre to a microcavity.
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Figure 1: (a) Level scheme for emitter-photon entangling se-
quence used for NV- [3]. (b) Proposed experimental setup for
high-efficiency entanglement.

Here we will present our efforts to place NV centres into
microcavities. These resonators are microfabricated [4] , di-
rectly fibre-coupled and individually actuated, and can be cre-
ated in large numbers on a single chip.

Arspbinas |pee H

Figure 2: Cantilevers for micromirror actuation.

a) Finite-element simulation of a deflected cantilever. b) Mea-
sured oscillation spectrum of a fabricated cantilever with a
length of 300 nm and a mirror pad of 50 nm x 50 nm under
electrostatic driving. The first resonances of significant am-
plitude occur at frequencies above 100 kHz, i.e. far above the
acoustic noise spectrum present in a standard laboratory en-
vironment. Inset: spectrum up to 1 MHz of the free-running
cantilever.
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Quantum physics has revolutionized our understanding of
information processing and enables quantum computers to
achieve computational speed-ups that are unattainable using
classical computers by harnessing quantum phenomena such
as superposition and quantum entanglement. Theoretical and
experimental efforts are focused on different experimental
approaches for the realization of quantum computers. At
present it seems that the intrinsic technical complexity may
result in only a few powerful quantum computers that are op-
erated only at specialized facilities. The challenge in using
such central quantum computers to ensure the privacy of the
client’s data as well as the privacy of the computation.

Quantum physics provides a solution to this challenge and
enables a new level of security in data processing [1]: The
privacy of the data and the computation can be preserved
while being computed at a remote servers, manifested in
the blind quantum computing protocol. Combining the no-
tions of quantum cryptography and quantum computation, the
blind quantum computing protocol achieves the delegation
of a quantum computation from a client with no quantum-
computational power to an quantum server, such that the
client’s data remains perfectly private.

Remarkably, the preparation and sending of single qubits is
the only quantum power that is required from the client. The
protocol uses the concept of the measurement-based quan-
tum computation which provides a conceptional framework,
where the quantum and classical resources are clearly sepa-
rated [2]. The user prepares blind qubits in a state |0;) =
1/+/2(|0) + €% 1)) where the phase, 0;, is chosen from the
set {0,7/4,...,7w/4}) and known only to himself (|0) and
|1) are the computational basis of the physical qubits). These
blind qubits are then send to to the quantum computer that en-
tangles the qubits via controlled phase gates and creates blind
cluster states. The actual computation is measurement-based:
The user tailors measurement instructions to the particular
state of each qubit and sends them to the quantum server.
Without knowing the state of the blind qubits, these instruc-
tions appear random and do not reveal any information about
the computation. The servers perform measurements accord-
ing to these instructions and finally, the results of the compu-
tation are sent back to the user who can interpret and utilize
the results of the computation.

Here we present the first such experimental blind quantum
computation using a family of photonic blind cluster states,
where the client’s input, computation, and output remain se-
cret [3]. We demonstrate the implementation of a universal
of set of single-qubit and non-trivial two-qubit quantum logic

gates, as well as examples of Deutsch-Jozsa’s and Grover’s
algorithm, where the quantum-computing server cannot dis-
tinguish which kind of operation is performed.

Our experiment is a step towards unconditionally secure
quantum computing in a client-server environment, where
the client’s computation remains hidden —a functionality not
known to be achievable in the classical world alone [4, 5].
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Figure 1: The experimental setup to produce (client) and mea-
sure (quantum server) blind cluster states, where the client
has access to the blind phases 0, and 65 by adapting phase
shifters.
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Many applications of the properties of quantum systems rely
on multipartite entanglement, but it is still difficult to imple-
ment them experimentally with present techniques. For quan-
tum networking and atomic quantum metrology applications,
entangling many particles is not the only challenge: it is im-
portant also that the entangled photons can efficiently interact
with atoms. Here we present a new technique that allows the
generation of narrowband and atom-resonant multipartite en-
tangled photons: starting from polarization squeezing, it is
possible to achieve very bright states (~ 10° pairs/(s MHz))
which are robust against losses.

Theoretical Results Spin squeezing implies entanglement
of large numbers of particles [1], and spin-squeezed states
with k-entanglement have been demonstrated [2]. These
states cannot be written as a convex sum of density matrices
with fewer than k particles. The evidence for this entangle-
ment is, however, indirect, due to the difficulty of single-spin
measurement. We use optical polarization squeezing, which
is formally similar, and has the advantage that present pho-
tonic techniques allow both generation and characterization
of multi-photon entanglement.

In order to show that polarization squeezing induces at
least 2-entanglement, we derive the reduced two-photon den-
sity matrix of a polarization squeezed state and compute its
concurrence. We consider a polarization squeezed state gen-
erated by combining in the same spatial mode a coherent state
horizontally polarized (H) and a squeezed vacuum state with
linear orthogonal polarization (V') that is generated by an
optical parametric oscillator (OPO). Its reduced two-photon
density matrix is proportional to the second order correlation
matrix: G') (1) = (@l(t)al(t + ) am(t + 7) an(t)),
where the indices correspond to the two orthogonal linear
polarization modes (H, V') and the diagonal elements corre-
spond to the rate of detecting one photon in the j = n mode
at an instant ¢ and another photon in the mode k£ = m at the
time ¢t + 7.

Our calculations show that a polarization squeezed state
is always 2-entangled, but high amounts of entanglement are
reached only for a limited range of values of the average pho-
ton flux for the squeezed vacuum and coherent beam (see Fig-
ure 1). The photons in the state are entangled even if they are
not coincident, but they are separated in time up to an inter-
val 7 which is comparable to the inverse of the OPO band-
width (0v). Realistic choices of the experimental parameters
predict multipartite entangled states with large photon flux
(~ 109 entangled photons/s) as well as high entanglement
(concurrence up to 0.64).

Experiment A squeezed vacuum state is generated by a
sub-threshold OPO and it is combined at a polarizing beam
splitter (PBS) with a coherent state: the resulting state is po-
larization squeezed [3].

A discrete quantum state tomography setup based on coin-
cident photon detection allows us to recover experimentally
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Figure 1: Schematic experimental setup. PZT: piezoelectric
actuator. HWP(QWP): half(quarter)-waveplate. Inset: Iso-
surfaces of concurrence. v = 8 MHz.

the two-photon reduced density matrix, so that we can mea-
sure its entanglement by computing the concurrence. In this
way, losses do not affect the amount of entanglement, but they
just correspond to lower detection rates.

In order to fix the squeezed Stokes component, we monitor
the fluctuations of the Sy Stokes parameter: a noise lock cir-
cuit automatically adjusts the phase between the coherent and
the squeezed vacuum state, so that the fluctuations are kept at
their minimum. A galvanometer mirror (GM) sends alterna-
tively the state either to the entanglement detection or to the
squeezing stabilization part.

A polarizer (Pol) reduces the contribution from coherent
photons by six orders of magnitude, so that the photon flux at
the photon counters is maintained relatively low (< 1Mcps),
while simultaneously the signal at the APD is sufficiently
large (few nW) to assure shot-noise-limited detection. Re-
markably, this does not interfere with the measurement of en-
tanglement properties, as the polarizer affects each photon in-
dividually, performing a local operation. The filter, based on
Faraday rotation [4] with a pass-band of ~ 500 MHz, passes
the polarization squeezed state, but blocks non-degenerate
OPO emission.
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Recently, [1] has reported on the successful experimen-
tal continuous variable teleportation[2] of non-classical non-
Gaussian states of light produced with the photon subtraction
protocol[3]. The successful quantum manipulation of a non-
classical states in this experiment is defined in the sense of
the negativity of the Wigner function: a quantum state with a
negative Wigner function is teleported to the point where the
fragile negativity of the Wigner function is preserved at the
output of the teleporter. Although the negativity collapses in
a way which can be quantified[4], the output teleported state
is still a non-classical state without any ambiguity in [1].

Figure 1: Experimental setup for conditional teleportation.

As was proposed in [5], conditional operations can im-
prove the quality of the output teleported state and yield better
negativities than what is achievable with deterministic oper-
ations. We present how to implement this conditional tele-
portation protocol to further enhance teleportation of non-
classical features of the Wigner function (see Fig.1). We re-
port on the experimental demonstration of this conditional
teleportation scheme and show that the non-classicality of
the Wigner function is enhanced by conditional operations
where the teleportation succeeds only if a certain thresh-
old condition is met: only when Alice’s quadrature mea-
surement results meet some chosen requisite conditions that
teleportation will be considered successful. The condition-
ing scheme of our experimental setup is based on a sim-
ple threshold mechanism: if Alice’s homodyne measurement
¢ = (T, + ip,)/V/2 falls inside a circle of radius L, then
the output teleported state is accepted. In practice, the output
negativity Woyu (0, 0| L) is estimated using the inverse Radon
transform with the detection events satisfying the condition
72 + p2 < 2L2. The evolution with the control parameter
L of both the output negativity Wou(0,0|L) and the fraction
of selected events can be evaluated for many different val-
ues of L with the same experimental data set after the ex-
perimental measurement has finished. With this analysis pro-
tocol, the experimental results shown in Fig.2 demonstrate
the success of the conditional scheme and its improvement to

Wou(0,0]L). With conditional operations, the negativity is
found to be stronger than what deterministic operations can
achieve. Especially, we observe that conditional teleportation
can pull out negativity from a state which appears to have a
positive Wigner function with deterministic operations.

i
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Figure 2: Top, probability of success of conditional teleporta-
tion P(L) with the control parameter L, experiment (crosses)
and theory (solid). Bottom, experimental improvement of
Wour(0,0|L) with P(L).
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In the one-way model of quantum computing (QC) the com-
putational resource is initially provided in the form of a multi-
partite, persistently entangled state, the cluster state [1]. Uni-
versal QC can be performed through consecutive measure-
ments and feedforward on individual vertices of the cluster.
The implementational effort is thus shifted away from creat-
ing a sequence of unitary quantum logic gates, as in the con-
ventional circuit approach to QC, towards generating a highly
entangled initial cluster. This conceptual difference makes
cluster state QC promising with regard to scalability, but the
efficient generation of the cluster itself still poses a challenge.

We present an approach to generating cluster states us-
ing cylindrically polarized modes (CPMs) of bright squeezed
light. CPMs have a spatially varying polarization and in-
tensity distribution which can be written as a superposition
of horizontally (H) and vertically (V) polarized first-order
Hermite-Gaussian basis modes (10 and 01). As an exam-
ple, the decomposition of a radially polarized beam is shown
in Figure la. Previously, we have shown that already in the
classical picture the polarization and spatial degrees of free-
dom (DOFs) of these beams posess a Schmidt rank of 2 and
therefore cannot be factorized [2]. In the quantum picture,
quadrature squeezing leads to entanglement between the ba-
sis modes of the beam in the spatial and polarization DOFs
and even across these two different DOFs, a feature referred
to as hybrid entanglement [3].

Using squeezed CPMs as the initial resource, we design
simple passive networks of polarizing beam splitters (PBS)
and half-wave plates (\/2) which spatially separate, rotate and
possibly re-combine the basis modes. This results in a four-
partite cluster state, the exact topology of which depends on
the individual shape of the passive network. We note that each
vertex of the final cluster state is physically represented by a
unique spatio-polarization mode, allowing for a higher degree
of addressability than with conventional lower-order modes.
The DOF in which correlations are measured (spatial or po-
larization) can be chosen freely. Figure 1b shows an example
of such a network. Applying the formalism of Gaussian graph
states for finitely squeezed continuous-variable systems [4],
the full covariance matrix of the cluster resulting from this
particular example can be determined from the expression

ZAR = 14 + VAR 4
where z quantifies the amount of squeezing and the adjacency
matrix VAR has the form shown in Figure 1c (A/R indicates
an azimuthally or radially polarized input mode). Remark-
ably, each vertex of the cluster is correlated to every other
vertex, as can be seen from the corresponding diagrammatic
representation in Figure 1d. Different network designs lead
to other cluster topologies such as the simple “box” cluster.

squeezer converter processing

o)

Figure 1: a. Hermite-Gauss decomposition for a radially polarized
beam b. Experimental setup for the compact generation of a four-
partite cluster state c./d. Adjacency matrix and graph representation
for the cluster resulting from the setup in b.

The feasibility of the network shown in Figure 1b has
been demonstrated experimentally. We employ an asymmet-
ric nonlinear fiber Sagnac loop to achieve amplitude squeez-
ing in a Gaussian beam which is subsequently converted into
an azimuthally or radially polarized mode via a twisted ne-
matic liquid crystal. The measured amplitude squeezing in
the resulting CPMs is -1.9 dB below the quantum noise limit.
The passive linear network has been implemented exactly as
shown above. In a first characterization of the resulting clus-
ter we measure amplitude correlations between all possible
pairs out of the four output modes. These agree well with the
theoretical predictions.

In conclusion, we show that cylindrically polarized modes
are viable candidates for continuous-variable cluster state
generation. Given one or more squeezed CPMs as the initial
resource, various cluster topologies can be generated through
a passive linear network. The resulting cluster vertices are
uniquely addressable and multiply entangled across both po-
larization and spatial degrees of freedom.
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We demonstrate spectral amplitude and phase modulation of
time-energy entangled photon pairs by means of a spatial
light modulator (SLM) [1]. Coincidences are detected by sum
frequency generation in a nonlinear crystal which has been
applied in several experiments as an ultrafast coincidence de-
tection method to temporally resolve entangled photons on a
timescale of fs [2, 4]. By explicitly taking into account the
properties of the detection crystal, we derive an expression
for the sum frequency signal in the form of a second-order
correlation function G(!) derived through perturbation theory
[4].

In the experiment (Fig. 1), broadband entangled photons
are generated via spontaneous parametric down-conversion
by pumping a periodically poled nonlinear KTiOPOy4
(PPKTP) crystal. To compensate for group-velocity disper-
sion, the entangled photons are imaged from the SPDC crys-
tal through a four-prism compressor in the middle of the up-
conversion crystal. The intermediate plane of the prism com-
pressor enables access to the spectrum of the entangled pho-
tons and provides the possibility to modulate spectral compo-
nents in amplitude and phase with a SLM.

SLM

glass bulk

cw-Laser  PPKTP PPKTP

00D,

—<3 o

Figure 1: Experimental setup: Broadband entangled photons
are generated in a PPKTP crystal, their spectrum is shaped
by a SLM and coincidences are detected by up-conversion in
another PPKTP crystal. In addition, a glass bulk is introduced
in the entangled photon path.

The SLM allows to mimic various quantum optical ex-
periments by suitably programming a time-stationary trans-
fer function M (). To investigate biphoton interference, we
implement the transfer function of a two path interferometer
to perform an interferometric autocorrelation measurement
(IAC). We are further able to measure an intensity-like auto-
correlation (AC), only realizable by the use of an SLM (blue
and red curves in Fig. 2).

Phase sensitivity of the IAC signal then enables the recon-
struction of additional phase contributions due to various op-
tical elements in the entangled photon path. We use a com-
puter based optimization algorithm to determine relevant or-
ders in the spectral biphoton phase. Each optimization step
varies ¢,, such that the RMS of the difference between mea-
sured IAC and

R 2i fj enQn ’
/ dQT(Q) M(Q) e =2 ™ ,

—00

G (1) x reN,

converges to a minimum where I'(€2) denotes the coincidence
photon amplitude. Fig. 2 shows experimental and theoretical
results of a shaper based interferometric and intensity-like
autocorrelation measurement with a fused silica glass bulk
introduced in the entangled photon beam. In this case the
optimization procedure determines the group-velocity Taylor
coefficient py = 1281 fs2.

G M(r): I1AC and AC theory

IAC and AC experiment

Figure 2: Experimental and theoretical results of a shaper
based interferometric (black) and intensity-like (red, blue) au-
tocorrelation measurement are shown. By applying a phase
shift ¢ € {0,7} in the corresponding transfer function, we
are able to switch between the two output ports of an SLM
based Mach-Zehnder interferometer.

By demonstrating the ability to coherently control the spec-
tral amplitude and phase of entangled photons we contribute
to the groundwork for SLM based experiments towards quan-
tum processing and quantum information such as encoding
qudits in the frequency domain.
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According to quantum theory, experiments performed by
space-like separated, independent observers may display cor-
relations that do not comply with assumptions of local re-
alism, i.e. which violate a Bell inequality. A decisive test
of nonlocality is very desirable from a fundamental perspec-
tive, but also from an applied point of view, since nonlocality
represents a physical resource which enables protocols such
as device-independent quantum key distribution and random
number generation.

In spite of steady theoretical and experimental progress,
nonlocality has yet to be demonstrated in a loophole-free
manner. All experiments to date suffer from either the lo-
cality loophole, meaning that the measurements performed
by the observers are not space-like separated, or the detection
loophole, which is opened when the efficiency of the detec-
tors, transmission, or source coupling is insufficient. Both
loopholes open for local-hidden-variable explanations of the
observed data and compromise the security of cryptographic
protocols. Closing the loopholes is thus important both from
a fundamental and a technological perspective. To close the
locality loophole, it is advantageous to work with optical sys-
tems since light can be distributed with relative ease among
spatially separated parties and since optical detectors are fast.
Various approaches have been considered towards closing the
detection loophole in optical Bell tests. Two fundamental
types of entangled states which may be used are polarisation-
entangled states of fixed photon number, or states relying on
superposition of one or few photons with the vacuum. Both
approaches are hampered by low efficiency of source cou-
pling and of most available single-photon detectors (although
superconducting transition-edge sensors now do allow high
efficiency). The former case has the advantage that projec-
tive measurements in any basis can be performed with linear
optics. However, source and detector efficiencies are so far
incompatible with the critical thresholds required for a bipar-
tite Bell test. For the case of photon-number superpositions,
entanglement generation can be achieved with relatively large
efficiency since, in the simplest cases, it suffices to produce
a two-mode squeezed state, or to split a single photon on
a beam splitter. The disadvantage is that perfect projective
measurements are not available in all bases, using linear op-
tics and photon counting, since passive linear optics cannot
change the energy of a state.

Here we present results demonstrating that with simple,
displacement-based measurements, it is possible to attain
good efficiency thresholds which in some cases exactly co-
incide with the thresholds for ideal qubit measurements in
arbitrary bases. The measurement scheme is illustrated in
Fig. 1 for a bipartite setup. We find that the scheme per-
forms well for a weakly two-mode-squeezed state in which
case it admits a combined efficiency threshold for coupling,
transmission, and detection of 66.7%. That is, for efficiencies
above this bound, a loophole-free test is possible. We also

extend the scheme to atom-photon entanglement, where the
threshold can be lowered to 43.7%, and to more parties shar-
ing a single photon split between multiple modes. Finally,
we consider a scheme to compensate imperfect transmission
and coupling at the source by local filtering, based on single-
photon amplification.

|a) |a)
SED channel 170 channel SPD
: t w~ "7t '
Nd g i source Nd
Measurement Measurement

Figure 1: Bipartite Bell test with displacement-based mea-
surements. A source distributes an entangled state of light
to two separated parties. Each party applies a displacement
by mixing the signal with a local oscillator on a highly trans-
missive beam splitter and then performs single-photon detec-
tion. Different measurement settings correspond to different
choices of displacements. We account for losses in source
coupling, transmission, and detection, here labelled by the
efficiencies 7., ¢, and 74 respectively.
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A striking feature of quantum mechanics is the appearance of
new phases of matter with origins rooted in topology. The
existence of bound states at the interface between different
topological phases causes the robust macroscopic phenom-
ena found in integer quantum Hall systems, topological insu-
lators, and topological superconductors. Engineered quantum
systems—notably in photonics, where the wavefunctions can
be observed directly—provide versatile platforms for creat-
ing and probing a variety of topological phases. We use a
photonic quantum walk to observe bound states between sys-
tems with different bulk topologies and demonstrate their ro-
bustness to small perturbations—the signature of topological
protection. We can observe topological dynamics far from the
static or adiabatic regimes—to which most previous work on
topological phases has been restricted—where we discover
a new phenomenon: a topologically protected pair of bound
states unique to periodically driven systems.

Phases of matter have long been characterised by the sym-
metry properties of their ground-state wavefunctions, where
breaking of symmetry results in a phase change. The dis-
covery of the integer quantum Hall effect in the 1980’s led
to the insight that phases of matter could be characterised
by their topology alone. Since then topological phases have
been identified in physical systems ranging from condensed-
matter and high-energy physics to quantum optics and atomic
physics.

Topological phases of matter are parameterised by inte-
ger topological invariants. Since integers cannot change con-
tinuously, a frequent consequence is exotic behaviour at the
interface between systems with different topological invari-
ants. For example, a topological insulator supports conduct-
ing states at the surface precisely because its bulk topology
is different to that of its surroundings. Creating and studying
new topological phases remains a difficult task in a solid-state
setting but might be easier in more controllable simulators.

Here we simulate one-dimensional topological phases us-
ing a discrete time quantum walk [2], a protocol for control-
ling the motion of quantum particles on a lattice. We create
regions with distinct topological invariants and directly im-
age the wavefunction of bound states at the boundary. The
controllability of our system allows us to make small changes
to the Hamiltonian and demonstrate the robustness of these
bound states.

To probe the topological properties of the quantum walk we
create a quantum walk Hamiltonian whose topology varies
spatially across the walk lattice. If the two topologies are not
compatible, i.e. they do not have the same topological invari-
ant, the walker becomes trapped between these two phases.
A sample of the results [4] are shown in Fig.1.
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Figure 1: Experimental probability distributions. The quan-
tum walk parameters are spatially inhomogeneous and there-
fore can have different topological invariants as shown in
the figure. In case 1 the walker is initialised at the bound-
ary between two phases, at lattice position =0, here both
sides of the lattice share the same topological invariant there-
fore bound states are not expected, and after four steps the
walker spreads out ballistically. Case 2 shows the presence of
a bound state with a pronounced peak near =0 since each
side of the lattice is a different topological phase. The bar
graphs compare the measured (blue) and predicted (yellow)
probabilities after the fourth step. Case 3 demonstrates that
the presence of the bound state is robust against changes of
parameters to case 2.

Topological effects, such as those present in topological in-
sulators and many other fields of physics are currently one
of the hottest topics in science and quantum simulation is
equally well regarded as an exciting development in physics.
This project combines these two topics elegantly, opening av-
enues for other proof-of-principle experiments in this area.
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In optical quantum logic, qubit states are usually encoded us-
ing the presence or absence of a single photon in a preferred
mode of the quantum electromagnetic field known as the prin-
cipal mode. Logic gates can be high-fidelity only if they map
input principal modes to output principal modes. Gates can be
cascaded successfully if the input and output principal modes
coincide. High-fidelity, cascadable single qubit-gates can be
readily implemented using beam splitters and wave plates, but
a significant challenge to implementing optical quantum in-
formation processing is the faithful realization of a determin-
istic and cascadable universal two-qubit photonic logic gate.

Cross-phase modulation (XPM) has often been proposed
as a nonlinear optical process that might be used to construct
such a universal gate, the conditional-phase gate, see, e.g.,
[1]. Although single-mode analyses of XPM-based gates are
encouraging, continuous-time treatments [2] have shown that
fidelity-degrading noise sources preclude high-fidelity 7-rad
conditional phase shifts at the single-photon level.

In this paper we present the continuous-time theory for
a single-photon conditional-phase gate that, for sufficiently
small nonzero ¢, has high fidelity. Moreover, our gate is
cascadable, in that it preserves the structure of the principal
modes used to encode qubit information, and can therefore be
cascaded to realize a high-fidelity conditional m-phase gate.
The key components of our primitive gate are shown in Fig. 1
[3]. Horizontally-polarized and vertically-polarized rising-
exponential principal modes—with space-dependent annihi-
lation operators /., and v,—couple to a \VV-configuration atom
trapped in a single-ended optical cavity. The control and tar-
get qubits are encoded as the presence or absence of single
photons in these principal-mode polarizations. When only
one photon—either &, or v,—illuminates the atom, the post-
interaction photon carries an undesirable phase shift that is
removed by using pulse-profile inverters (Z, accomplished by
temporal imaging) to simulate a time-reversed interaction be-
tween the photon and an empty cavity. When both ., and v,
photons illuminate the atom there is an additional nonlinear
phase shift arising from the atom’s inability to absorb more
than one photon. Unfortunately, that desired nonlinear phase
shift is accompanied by scattering out of the principal modes.
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Figure 1: Cascadable primitive gate with principal-mode
wave number kg, decay rate -y, and cavity decay rate I'.

As shown in Fig. 2 [3], when the illumination is near reso-
nance with the atom, a strong nonlinear phase shift is possi-
ble, but it comes with unacceptably low fidelity. The key to
realizing a high-fidelity gate is then to employ off-resonance
operation, wherein the nonlinear phase shift is small, but the
fidelity lost to scattering out of the principal modes is even
smaller. The quantum Zeno effect—enabled by the use of
rising-exponential principal modes that are preferentially ab-
sorbed by an optical cavity—allows the principal-mode pro-
jection (PMP) stage in Fig. 1 to preclude coherent buildup of
fidelity-reducing scattering from the principal modes. Cas-
cading an appropriate number of our primitive gates could
then yield a high-fidelity conditional w-phase gate. The weak-
ness of XPM in a single V-configuration atom, however,
makes this approach impractical. In particular, the fidelity of
an NN-gate cascade that realizes a conditional m-phase gate in
this manner satisfies F' ~ 1—4.82N~'/3_implying that more
than 105 cascades will be required for 95% fidelity. Despite
this drawback, we believe that PMP, based on the quantum
Zeno effect, could be a valuable subroutine in the future of
photonic quantum information processing. In particular, PMP
together with stronger nonlinearities, e.g., the giant Kerr ef-
fect [4], could potentially realize a conditional m-phase gate
with much more favorable scaling, i.e., 1 — F oc N1,
1.0¢

. L

Figure 2: Nonlinear phase shift (solid line) and fidelity
(dashed line) versus detuning ¢ normalized by the cavity de-
cay rate I for the Fig. 1 system.
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In the engineering of optical memories (such as CDs or
DVDs), a tradeoff among several parameters must be taken
into account. High precision in the retrieving of information
is surely an indefeasible assumption, but also energy require-
ments, size and weight can play a very relevant role for appli-
cations. Clearly using a low energetic radiation to read infor-
mation reduces the heating of the physical bit, thus allowing
for smaller implementation of the bit itself. In the problem of
quantum reading [1, 2, 3, 4, 5, 6] of optical memories one’s
task is to exploit the quantum properties of light in order to re-
trieve some classical digital information stored in the optical
properties of a given media, making use of as few energy as
possible. In practical implementations noise and loss can of-
ten be noticeably reduced, so that a theoretical analysis of the
ideal quantum reading, namely lossless and noiseless, pro-
vides a theoretical insight of the problem and a meaningful
benchmark for any experimental realization.

In this hypothesis two different scenarios can be distin-
guished. A possibility is the on-the-fly retrieving of infor-
mation (e.g. multimedia streaming), where one requires that
the reading operation is performed fast - namely, only once,
but a modest amount of errors in the retrieved information
is tolerable. In this context, denoted as ambiguous quantum
reading, the relevant figure of merit is the probability P, to
have an error in the retrieved information. On the other hand
for highly reliable technology the perfect retrieving of infor-
mation is an issue. Then, unambiguous quantum reading,
where one allows for an inconclusive outcome (while, in case
of conclusive outcome, the probability of error is zero) be-
comes essential. Here, the relevant figure of merit is clearly
the probability P; of getting an inconclusive outcome.

We provide [2, 5] the optimal strategies for both scenarios,
which exploit fundamental properties of the quantum theory
such as entanglement, allowing for the ambiguous (unam-
biguous) discrimination of beamsplitters with probability of
error P, (probability of failure F;) under any given threshold,
while minimizing the energy requirement. The most general
strategy for performing quantum reading consists in prepar-
ing a bipartite input state p (we allow for an ancillary mode),
applying locally the unknown device and performing a bipar-
tite POVM on the output state. So the problem of quantum
reading can be formally stated as follows. For any set of two
optical devices {U;, U, } and any threshold ¢ in the probabil-
ity of error (failure), find the minimum energy input state p*
that allows to ambiguously (unambiguously) discriminate be-
tween U; and U, with probability of error P, (probability of
failure P;) not greater than g, namely

min E(p)
pS.t. P(p,U)<q

p" = arg (1)
where P(p,U) can either be given by P, or P;.

We prove [2, 5] that without loss of generality, the optimal
input state p* for (ambiguous or unambiguous) quantum read-

ing can be taken pure and no ancillary modes are required.
For the quantum reading of beamsplitters, we prove that the
optimal input state p* is given by a superposition of a NOON
state and the vacuum, namely

L a10,n%) + In*,0)) + V1 = a2/00),
7
where o and n* depend on U; and Us [2, 5].

We compare [2] the optimal strategy for ambiguous quan-
tum reading with a coherent strategy, reminiscent of the one
implemented in common CD readers, showing that the former
saves orders of magnitude of energy, moreover allowing for
perfect discrimination with finite energy (see Fig. 1). Then,
we present [5] experimental setups implementing ambiguous
and unambiguous optimal strategies which are feasible with
present day quantum optical technology, in terms of prepara-
tions of single-photon input states, linear optics and photode-
tectors.

[¢*) = 2)

0.5

Figure 1: Tradeoff between energy E (expressed as the av-
erage number of photons) and probability of error P, in the
ambiguous quantum reading of 50/50 beamsplitters with op-
timal strategy (lower line) and coherent strategy (upper line).
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Quantum cryptography offers a promise that certain security-
sensitive tasks can be performed better by exploiting quan-
tum effects. Ideally, the security foundations of protocols
realizing these tasks can be upgraded from the conjectural
hardness of certain mathematical problems to information-
theoretic grounds and the principles of quantum mechanics.
A prime example where this has been achieved is Quantum
Key Distribution (QKD) [1], which has been extensively stud-
ied for the last 28 years.

Here, we report the first experimental demonstration of
Quantum Digital Signatures (QDS) [2] which also delivers
on the aforementioned promise. QDS is the quantum an-
swer to the task of the distribution and authentication of dig-
ital signatures, an increasingly relevant task in the modern
information age. QDS offers a security based on the well-
established quantum principles which, unlike in the case of
classical known protocols for this task, can no longer be com-
promised given sufficient raw computing power, or perhaps
yet to be discovered clever algorithms.

In all message verification schemes the security is based on
existence of specific knowledge, reserved to the honest sender
alone. In QDS, this knowledge is the classical description of
quantum states ("quantum signatures’) which are distributed
to future message recipients. The message authentication is
performed by checking whether the later disclosed classical
descriptions match initially distributed quantum signatures.

We have constructed an experimental system permitting
the sharing of quantum digital signatures, and the subsequent
message authentication. The quantum signatures comprise a
sequence of coherent states, the phase of which is known to
the sender Alice alone. The schematic diagram of our set-
up is given in Figure 1. The QDS protocol ensures secu-
rity against forging - no message devised by an unauthorised
sender will be authenticated by the recipients, and against re-
pudiation - a message accepted by one recipient will also be
accepted by all others. We have performed a detailed secu-
rity analysis of our system. In the analysis of security against
forging we identify two classes of attacks: passive and active.
In the restrictive case of passive attacks the forger is honest
throughout the signatures distribution phase. For this case,
we prove the desired exponential decay of successful forging
probabilities in terms of the signature length L:

2
< 2exp (f§g2L)

The parameter g is derived directly from experimental data,
and for our system yields g ~ 8 x 10~*. The active attacks
comprise individual and coherent strategies, akin to cases
identified in QKD. We show that active individual attacks
effectively decrease the parameter g in Equation by a value
which can be made arbitrarily small given a sufficiently large
L. Thus, the exponential decay of successful forging proba-
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Figure 1: A diagram of the fiber-based experimental demonstration of
quantum digital signatures. The core of the system realizes Quantum Sig-
nature Distribution, in which Alice (the sender) generates time multiplexed
phase signal and reference coherent pulses, split into Bob’s and Charlie’s (the
recipients) copies of quantum signatures. The quantum signatures are com-
pared using a multiport realized by the four linked central balanced beam
splitters. The multiport compares the quantum signatures, which is required
for security against message repudiation. Finally, the signatures are validated
in the Message Authentication component. Due to a lack of quantum mem-
ory, our system performs verification in run-time.

bilities can still be guaranteed. For the most general coherent
active attacks we give arguments that they hold no advantage
over active individual attacks. A full formalized proof is un-
der current research.

For the security against repudiation, we identify separa-
ble and coherent (general) classes of attacks, and prove that
in this case coherent strategies cannot help. We show that
the successful repudiation probability decays exponentially
quickly in L as
(@3]

where the parameter g appears in the expression for security
against forging in Eq. (1). The parameter d in Eq. (2) is a
probability, and depends on the imperfections of our experi-
mental realization. Based on a series of experiments and the-
oretical modelling this value was estimated at d ~ 0.9. Even
for much larger values of d an upper bound of overall security
of our system is dominated by the forging probability.

1
+gL
Prepudiation < ds’d
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Measuring the state of a quantum system is a task of high
complexity. It requires many copies of the system at an
identical state. Construction of the state’s density matrix is
achieved by projection measurements onto different states.
If the quantum system is composed of n qubits, it is 2"-
dimensional and the number of required settings is 4". Even
after sufficient amount of data about the state has been col-
lected, the numerical process that is required to calculate the
density matrix from the results scales as 16™. The result of
this scalability problem is that the largest state that has been
fully characterized up-to-date is a W-state of 8 qubits [1].

We have recently introduced a resource efficient setup that
can combine many polarization entangled photon pairs, gen-
erated at a single nonlinear crystal by type-II parametric
down-conversion, into a multi-photon entangled state. As the
pump laser is pulsed, consequent pump pulses can create con-
sequent photon pairs. By delaying one of the two photons of
each pair until the next pair is generated (see Fig. 1a), conse-
quent pairs are fused on a polarizing beam-splitter (PBS). For
example, if the delayed photon from the first pulse arrives at
the PBS together with the photon on the short path from the
second pair, selecting the outcome when each photon exits
the PBS from a different port projects the four photons of the
two pairs onto a four-photon GHZ state. The main advantage
of this configuration is that without any addition of optical
elements, it can keep entangling more pairs with this state if
they are generated consequently.

The created GHZ states possess an interesting property.
They are assembled from a few pairs by two-photon project-
ing fusion operations. Nevertheless, all of the pairs originate
from the same source and all of the projection operations hap-
pen at the same PBS. As a result, the quantum state of all
of the entangled pairs, described by their density matrix, is
identical. Furthermore, the quantum process of all of the pro-
jections, described by a process matrix, is identical as well.
Thus, by measuring these two matrices, the full knowledge
of states of any photon number is achieved, even without ac-
cumulating their full statistics. The density matrix of these
states can be precisely extrapolated by combining identical
two-photon states with identical projections.

The quantum state tomography (QST) of the polarization
entangled pairs (the delayed photon and the photon from the
short path) resulted with 94% fidelity to a |¢)") state. The
projection process matrix was measured using an ancilla as-
sisted quantum process tomography. As the projection oper-
ates on two photons, where each of them is a part of an entan-
gled state, the four-photon density matrix contains all the in-
formation about the two-photon process matrix. This is a re-
sult of the Choi-Jamiotkowski isomorphism. The four-photon
density matrix requires 256 measurement settings. The first
photon from the first pair and the last photon from the second
pair share paths with the two middle photons. Thus, in or-
der to individually rotate them we induced rotations through

VOV assaan

Figure 1: a: The multi-photon entangling setup. b: The cal-
culated six-photon density matrix.

the non-locality of the entangled pairs. These rotations are
not sufficient to cover all possible polarization projections.
Therefore, 4 of the 16 settings of these two photons involved
elliptical polarizations. The overall number of projections we
have to perform is 272 in order to gather all of the required
information.

After extracting the projection process matrix, we applied
it again to combine an extra third pair to the four-photon mea-
sured state. The calculated six-photon density matrix is pre-
sented in Fig. 1b. The fidelity with a six-photon GHZ state
is 64%, enough for the demonstration of genuine six-photon
entanglement. We continued to add more pairs and calcu-
lated the density matrices for the eight- and ten-photon GHZ
states. The fidelities of the density matrices from four pho-
tons to ten are 77%, 64%,52% and 45%, respectively. The
corresponding visibilities at a 45° rotated polarization basis
are 65%,47%, 36% and 26%. Genuine multi-partite entan-
glement for GHZ states requires fidelities above 50% and
thus we currently satisfy this condition up to eight photons.
A simple non-locality criterion that was derived by Mermin
[2] is well satisfied for all the calculated visibilities. In or-
der to interpret these results well, the measurement errors are
required. We are currently working on this calculation.
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The discovery of quantum coherence in photosynthetic pro-
cesses [1] has sparked enormous interest in the exact role of
quantum effects in biology. Some of the biggest open ques-
tions are how robust the coherent dynamics in photosynthesis
is; whether it really assists energy transport; and whether it
is optimised by natural selection or just a random by-product.
These questions are difficult to address experimentally, since
the structure of a biological complex cannot usually be mod-
ified. Our goal is to build emulators that allow us to easily
vary the structure, the degree of coherence, and the environ-
ment with the goal of understanding how these factors interact
in modifying quantum transport.

Here we report the coherent simulation in a 3D direct-write
waveguide array of the exciton delocalization dynamics in a
well-studied photosynthetic complex, the B850 subunit of the
light-harvesting system II (LHII) of Rhodobacter sphaeroides
purple bacteria, see figure 1(a). When a photon is absorbed in
one of these bacteria, it creates electronic excitations, quan-
tised as excitons, in complexes of chromophores. These chro-
mophores are coupled via the Coulomb interaction and elec-
tron exchange, which allows excitons to move between sites
until the they are either lost through recombination or suc-
cessfully trapped at target receptor sites and turned into useful
chemical energy. Ignoring environmentally-induced decoher-
ence and absorption, and considering the case where only one
exciton is present in the system—which is often the only rele-
vant scenario for photosynthetic organisms—the dynamics of
such a system can be described by a Hamiltonian which con-
tains the excitation energies of the individual sites along the
diagonal and the coupling terms in the off-diagonal elements.
With a reasonable cutoff of small coupling parameters, this
type of Hamiltonian can be emulated by photonic evolution in
an array of evanescently coupled waveguides, where the site
energies correspond to the effective waveguides refractive in-
dices, and the coupling terms to the inter-waveguide coupling.
These arrays can be written into glass using a femtosecond-
laser, direct-write process—a powerful technique which has
been proven useful for photonic quantum information [2] and
quantum walk applications [3].

We used this technique to write 16 straight waveguides ar-
ranged along two concentric circles, with the waveguide po-
sitions determined by 3 parameters, figure 1(b). We analyt-
ically and numerically optimised these parameters to obtain
the best possible approximation of the spectroscopically de-
termined Rhodobacter Hamiltonian. Measurements of co-
herent 820 nm light launched into the resulting waveguide
array at different simulation lengths allowed us to observe
the coherent evolution of light governed by the approximated
Hamiltonian and to confirm that our dynamics of our photonic

Figure 1: a: The LH-2 complex responsible for harvesting
light in purple bacteria. The chlorophyll molecules (in or-
ange) are described by a 16 x 16 Hamiltonian which has been
experimentally determined. b: Geometry of an array of 16
waveguides approximating the rhodobacter Hamiltonian. The
coupling between individual waveguides ¢ and j is propor-
tional to e~"is/70 wherer r is the inter-waveguide distance.
We arranged the geometry such that the effective waveguide
Hamiltonian is as close as possible to the biological Hamilto-
nian.

emulation achieved good overlap with the target Hamiltonian.

Our results show that waveguide photonics can emulate
real-world Hamiltonians, providing a controlled laboratory
setting for studying quantum effects in biology. While we
restricted our measurements to the realistic case of single-
photon excitations, it is feasible to extend this work to the
study of multi-photon processes [3] and of the potential gen-
eration of entanglement or other non-classical correlations in
biological processes [4].
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Maps and quantum process tomography are commonly
used to describe quantum processes in discrete-variable
space, but much rarer in the continuous-variable domain.
A tomographic technique that can be used in continuous-
variable experiments, including heralded processes, has been
proposed [1], but it still uses the tensorial form &} of quan-
tum maps, which is not well adapted to continuous variables.
This technique is based around transformations of the density
matrix which, despite is great usefulness for discrete vari-
ables, does not clearly express some aspects of continuous-
variable systems. And as some basic continuous-variable
states are barely recognisable from the density matrix, some
basic processes — for example squeezing, phase rotation and
displacement operators — are hard to recognise in the tensor
form.

The Wigner function circumvent those difficulties for
quantum states, so a better way to represent continuous-
variable maps would be to have a tool for transforming the
Wigner function. Such a representation exists [2], but it has
only been used for process corresponding to a unitary opera-
tor, and never to heralded processes. We propose a technique
for representing generic maps that generalizes this formalism
and explicitly related it to the tensor expression and the Kraus
decomposition.

In this formalism, the map is expressed as a transfer func-
tion which transforms a Wigner function into another Wigner
function. The discrete sum on all the elements of the density
matrix, in the tensor form, is replaced by an integral on the
whole phase-space:

W) = [ e W e p)dady )
which is close to the probability transition used for Marko-
vian process in phase-space, and has similar properties. Nev-
ertheless, as for the Wigner function, the quantum transfer
function can take negative values, and so it cannot be inter-
preted as a true probability transition.

We have developed the methods for building an analytic
expression for the transfer function that models a particular
experiment, starting with some simple transfer functions cor-
responding to some elementary processes and then combining
them in order to build the complete function. We have also
studied the case of wrong heralding, which is generally mod-
elled with the use of some non-linear operations, and showed
that it can be expressed as linear operations, and thus can be
included in the transfer function.

Finally, we have reconstructed the transfer function of two
recent experimental heralded processes : the noiseless ampli-
fier [3] and photon addition [4]. In both cases, since the pro-

cess doesn’t depend of the phase of the input state, the transfer
function can be expressed as a function f(r/, r, §) of the radial

quadratures (r' = /22 +p'2 and r = /22 + p?) and the

phase between the input and the output (¢ = cos™ ! (rr/’ ) ).

rr

Figure 1: a: map of the noiseless amplifier without experi-
mental imperfections for § = 0. b: map of photon addition
with experimental imperfections for 6 = 0.

From the resulting graphs (fig. 1) it is possible to directly
observe the main features of the process: variation of the suc-
cess probability with the input amplitude through height of
the peaks, relation between the output and input amplitude
represented by the position of positive peaks, introduction of
negativity with the negatives peaks. All those characteris-
tics are hardly visible in the tensor form. As for the Wigner
function, the negativity of the transfer function is a sign of
the quantumness of the process, however the negativity of the
transfer function seems to be more important and more resis-
tant to experimental imperfections than the negativity of the
Wigner function of output states.

Our quantum maps formalism for continuous variable is
therefore particularly clear and useful for the analysis of the
process. It gives a way of quantifying not only the effect of
the process but also the parasite effects of imperfections in an
input-independent way, is adapted to the specificity of contin-
uous variables, and is linked to the common tools used in this
domain.
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Discriminating two coherent states is impossible since their
quantum states are never mutually orthogonal. Achieving
the ultimate quantum limit for capacity, the Holevo capac-
ity, is possible via coherent states using joint-detection mea-
surements on long codeword blocks [1], although optical im-
plementations remain unknown. We report the experimen-
tal demonstration of a joint-detection receiver for demodulat-
ing binary-phase-coded (BPSK) pulse-position-modulation
(PPM) codewords (that is, PPM codewords along with their
m-phase-shifted counter-parts), which was recently shown to
be able to achieve fundamentally superior channel capacity to
any symbol-by-symbol measurement scheme [2, 3].

The receiver proposed in [2] can take input states as phase-
coded PPM. It proceeds by performing direct detection (DD)
to determine the pulse slot, followed by using the Dolinar re-
ceiver on the remainder of the pulse energy in that slot. In [3]
it was shown that this is indeed the optimal receiver, from
a capacity point of view, for this modulation format. The
red curve in Fig. 1 shows the photon information efficiency
(PIE)—capacity (in bits per slot) divided by mean photon
number 7 per time slot, as a function of n. It exceeds the
Shannon capacities of on-off-keyed (OOK) modulation with
DD (black curve), and that of PPM with DD by a somewhat
larger margin (blue curve). In place of the Dolinar receiver, a
Generalized-Kennedy (GK) receiver [4] can be employed to
achieve nearly the same performance, which is the approach
we take here. Combined with the optical Green-Machine [2],
this receiver can also demodulate the BPSK first-order Reed-
Muller code. In this case, the capacity achieved by our re-
ceiver far exceeds that of BPSK paired with either the homo-
dyne receiver (magenta curve) or even the Dolinar receiver
(green curve)—the latter being the receiver which can dis-
criminate the single-copy BPSK coherent states with the min-
imum probability of error.
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Figure 1: PIE of our receiver acting on phase coded PPM
(red curve) vs. n, PPM with DD (blue curve), and uncon-
strained OOK with DD (black curve). The green and magenta
curves show, respectively, the Shannon limits for BPSK with
a Dolinar receiver and homodyne receiver.

Fig. 2 shows the experimental setup where a flat-top pulse

train with pulse duration of 200 ns and repetition rate of 1
MHz is generated by a SWL at 688 nm and an I-EOM1. The
pulse train is then divided into a signal arm and a nulling arm
by a free-space beamsplitter. BPSK-PPM codewords are im-
plemented via P-EOM and I-EOM3. I-EOM2 acts as a high-
speed shutter on the nulling arm. Demodulation is imple-
mented by a single-photon-detection triggered GK receiver.
Nulling of the GK receiver happens at a fiber coupler which
transmits 99% of the signal. An FPGA circuit opens the I-
EOM2 shutter every time a click is generated by the SPD.
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Figure 2: Experimental setup. SWL: single wavelength
laser, PZT: Piezoelectric Transducer, I(p)-EOM: electro-optic
intensity (phase) modulator, SPD: single photon detector,
FPGA: field-programmable gate array.

Since carrier phase and pulse amplitude noise degrades the
nulling quality, hence probability of error, active locking is
introduced to stabilize the relative phase between the nulling
and signal arms and DC bias points of the EOMs. A servo
SWL delivers a 765 nm signal into the nulling system from re-
verse direction to minimize optical noise from the servo laser.
Balanced detection and a PZT driven mirror are used in to de-
tect and compensate the phase noise. DC bias points of the
EOMs are locked by dithering the EOM at 1 kHz around the
desired locking points and tapping out the servo laser as the
control signal to the locking electronics.

In conclusion, we report the first experimental demonstra-
tion of a joint-detection receiver able to exceed the Shannon
capacity of any symbol-by-symbol optical measurement.

Work funded by the DARPA InPho program, contract#
HRO0011-10-C-0159.
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Many quantum communication protocols require entan-
gled states of distant qubits which can be implemented us-
ing photons. To efficently transfer entanglement from pho-
tons to stationary qubits such as atoms, one requires entan-
gled photons with a frequency bandwidth matching the ab-
sorption profile of the atoms. In our setup, a cold Rb%"
atomic ensemble is pumped by two laser beams (780nm and
776nm) resonant with the 5515 — 5P, — 5D3) tran-
sition. This generates time-correlated photon pairs (776nm
and 795nm) by nondegenerate four-wave mixing via the de-
cay path 5D3/5 — 5Py — 5571/5. Coupling the photon
pairs into single mode fibres and using silicon APDs, we ob-
serve ¢(2) of about 2000 and pairs to singles ratio of 11.2
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A major challenge in the field of quantum information pro-
cessing is to combine a fast quantum processor — potentially
based on solid state electronic devices — with a long-lived
quantum memory realized for example in electronic or spin
states of atoms. We are pursuing the goal to form such a hy-
brid quantum system by combining superconducting qubits
and atoms in highly-excited Rydberg states on a single chip
device. For both systems, suitable qubit transitions are avail-
able in the microwave domain, suggesting the use of quasi-
one-dimensional microwave resonators as a photonic inter-
face to transfer coherent quantum information between atoms
and solid-state qubits.

As a first step we have induced transitions between atomic
Rydberg states by microwave photons from a coplanar trans-
mission line [1]. In our setup — shown in Figure 1 — meta-
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Figure 1: (a) Schematic diagram of the experimental appara-
tus. (b) Printed circuit board (PCB) containing the coplanar
microwave waveguide.

stable Helium atoms are produced by an electric discharge
after a pulsed supersonic beam expansion. The atoms are ex-
cited to their 33p Rydberg state by a 313 nm UV-laser inside
a cold chamber. The cryogenic region can be cooled to tem-
peratures below 5 K, at which blackbody transitions between
different Rydberg states, a major relaxation channel at room
temperature, can be significantly reduced. The atoms then
pass over a printed circuit board (PCB) containing the copla-

nar transmission line. Applying a resonant microwave pulse
at 30.7 GHz results in Rabi oscillations between the 33p and
33s state with a typical period of 30 ns when varying the du-
ration of the pulse (Figure 2).

The observed coherence time is limited by microwave field
inhomogeneities across the dimension of the Rydberg en-
semble as well as by stray electric fields emanating from
the PCB surface. Spectroscopic measurements of narrow-
linewidth microwave transitions between Rydberg states to-
gether with atom trajectory simulations support the theoreti-
cally predicted dependence of the stray electric field strength
on the inverse square of the atom-surface distance [2]. Ad-
ditional dephasing at a timescale of ~ 250 ns is attributed to
the atomic motion in inhomogeneous electric fields. Rydberg
atoms can thus serve as sensitive probes of surface electric
fields.
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Figure 2: Rabi oscillations in the population of the 33s state.
An increase of the microwave power from (a) 4 W to (b)
10 uW leads to a corresponding increase in the oscillation
frequency.

To coherently couple Rydberg atoms to microwave photons
at the level of single energy quanta, a superconducting copla-
nar waveguide resonator has to be used. We have fabricated
resonators on a niobium-titanium-nitride (NbTiN) coated sap-
phire chip and measured quality factors up to 4000 at a tem-
perature of 4 K and a frequency of 20 GHz, matching the
transition frequency between 38p and 38s states of Helium.
Passing the atoms over the resonator will then lead to a modi-
fied transmission of microwave signals through the resonator
due to the large collective dipole coupling between Rydberg
atoms and microwave photons. In further experiments, on-
chip trapping, collimation and guiding elements will be real-
ized to gain control over position and size of the atomic en-
semble as the next step towards hybrid quantum computation.
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Qubus ancilla-driven quantum computation
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Using an ancilla (qubit or other quantum system) to en-
act the gates between qubits provides several advantages over
direct interactions. Qubits do not need to be moved next to
each other for gates (the ancilla moves instead), and multi-
qubit gates can often be performed with a single ancilla in-
teraction per qubit. While our results are relevant for ancilla
systems in general [1], we have focused on the qubus quan-
tum computer [2, 3] which uses a continuous-variable ancilla,
such as a coherent state of light. The qubus system gener-
ates gates between qubits deterministically without the need
for measurement, but does require an interaction between the
field and a matter qubit [3]. By entangling one qubit to each
quadrature, then disentangling them in the same order, a ge-
ometric phase gate is performed between the qubits leaving
the coherent state disentangled, see figure 1.

Qubit 1

Qubit 2

@ (b)

Figure 1: The basic qubus controlled-phase gate: (a) the
phase-space displacements of the bus, (b) the operation se-
quence, shaded operations are on the momentum quadrature.

The qubus has advantages over single particle ancillas
since coherent states are easier to produce, control and mea-
sure, and are robust against certain types of loss [4]. A coher-
ent state can entangle an arbitrary number of qubits to each
of its two quadratures, and this can provide significant extra
efficiencies compared with single particle ancillas of fixed di-
mension. We have demonstrated how to obtain these efficien-
cies in detail for building cluster states [4, 5], and for quan-
tum simulation [6]. Performing a QFT on  qubits requires

Qubit 1 -{i}
Qubit 2
Qubit 3
Qubit 4

SHosH

Figure 2: QFT on 4 qubits using qubus operations.

a total of | ™ — |/ controlled-rotation gates. With the
qubus, these can be performed using a controlled-phase gate
plus single-qubit corrections on each qubit [6]. In a naive im-
plementation, where each controlled-phase gate requires four
operations to perform, we would require 2] " — | inter-
actions with the bus. Savings are obtained by leaving the
qubits entangled with the bus for several consecutive oper-
ations, with the constraint that we need to apply Hadamard

gates between each set of controlled-phase operations (since
they don’t commute).

We have demonstrated how to reduce the number of opera-
tions required when performing a QFT on the qubus quantum
computer to ¥ — [ per QFT. This is linear in the number
of qubits —, compared with ~ | "] for the simple gate se-
quence, and | | for the best known gate sequence
[7]. This implies that continuous-variable ancillas are equiv-
alent to the quantum circuit model with unbounded fan-out,
and measurement-based quantum computing [8]. These effi-
ciencies using the qubus will thus apply in a wide range of
situations.
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Time carried with photons can be a superposition state of two
time bases, which is called a time-bin state and is used to se-
cure communication. In the same way, spin carried with elec-
trons can be a superposition state of up/down spin bases and
offers the promise of universal computation. Here we demon-
strate the direct superposition-state transfer from a time-bin
state of photons to a spin state of electrons in a semiconduc-
tor nanostructure.

The transfer is based on the relative difference in spin dy-
namics between an electron and hole that are pair-created by
a photon forming a coherent exciton and are naturally entan-
gled but can be disentangled after their different time evolu-
tions in the spin Bloch space. The photonic state encoded on
time is decoded by dynamically erasing “which-path” infor-
mation on the hole spin to restore the state into only the elec-
tron spin with the help of time-spin hybrid interference. The
developed time-bin transfer scheme is applicable for quantum
media conversion [1,2] from any energy-range of photons to
various solid-state qubit media.

We experimentally demonstrate that not only the popula-
tion of the up/down spin states but also an arbitrary coherent
superposition state can be created by the transfer. The trans-
fer is achieved in two extreme cases: an electron-precession
(EP) case, where the electron spin precesses while the hole
spin stays fixed, and a hole-precession (HP) case, where the
hole spin precesses while the electron spin stays fixed. The
obtained transfer fidelity amounts to 82% in the EP case (Fig.
1) and 58% in the HP case [3].

Operating principle of the time-bin transfer scheme is as
follows. The targeting process is «|0)pn + B|1)pn — «
[1)e+B|L)e, where |0),, and |1),y, are the first/second photon
time-bin states, 1), and ||). are the up/down electron spin
states. In the EP case, two input pulses are co-polarized to
create the same spin state: |0),;, — [1)® |15 and [1),, —
[4)e®|ft)n. Without any spin dynamics, the input pulses al-
ways generate the same spin state. However, if the time sepa-
ration ¢4 between two pulses is synchronized with the electron
spin precession to flip up leaving the hole spin unchanged, the
spins created at time-bin 0 evolve into |1).®| 1), by time-bin
1. The input time-bin state will then be transferred to the spin
state of the electron with the fixed hole spin:

a|0>ph+ﬂ‘1>ph = (a| e+ Bl Le) @[ Ma, (1)
where the electron and hole spin states are in a separable
product state. In the HP case, two input pulses are cross-
polarized to create different spin states: [0)pn, — |[1)e®|4)n
and 1), — [1)e®[)n. Without any spin dynamics, entan-
gled spin states are generated:

a]0)pn + B[1)pn = o Dhel N)n + Bl Lel Mn, (2

where the hole decoherence or extraction drives the electron
in an incoherent mixed state. However, the synchronization
of #, with the hole precession time to flip up results in the
same coherent transfer as in eq. (1).

In experiments, we used a non-doped
single quantum well structure made of
Gag 35Al0.65As/GaAs(20nm)/Gag 35Alp 65As, which al-

lows the two extreme cases mentioned above. A heavy hole,
which does not precess under an in-plane magnetic field, was
used in the EP case, while a light hole, which precesses much
faster than the electron spin, was used in the HP case.

From measurements, we inferred the spin Bloch vectors of
the transferred state (Fig. 1(b)). Although the dephasing of
the exciton distorts spherical photonic Bloch space (Fig. 1(a))
into an ellipsoid, coherence is maintained after the transfer.

Since the developed time-bin transfer scheme requires only
a two-level system with different state dynamics, the poten-
tially applicable materials include quantum dots, donor impu-
rities in semiconductors, and color centers in diamond. The
scheme is especially useful when polarization modes are not
well degenerate in structures such as photonic crystal waveg-
uides, microwave striplines, cavities and quantum dots. The
scheme allows us to interface any frequency range of photons,
including visible, infrared, microwave and radiofrequency,
with various kinds of spin, including a hole spin, nuclear spin
and superconducting flux qubit, for the purpose of building
hybrid quantum systems including quantum repeaters.

This work was supported by CREST-JST, SCOPE, FIRST-
JSPS, Kakenhi(A)-JSPS, DYCE-MEXT, and NICT.

(a) Time-bin state
time-bin 0

(b) Spin state

Figure 1: Bloch sphere representations of the input time-bin
photonic state (a) and the transferred electron spin state (b).
Dotted lines show the ideal Bloch sphere.
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Atoms and molecules in arrays of coupled cavities
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The field of cavity QED has witnessed spectacular progress
over the last couple of decades: photon blockade, single pho-
ton non-linearities, phase gates, strong coupling have all been
successfully demonstrated with cold atoms, and state-of-the
art cavities showcase finesses close to 10°.

Further significant advances in cavity QED will be based
on the interconnection of many cavities into complex net-
works (coupled-cavities QED), but this will require a ma-
jor technological shift from bulky free space optical systems
towards integrated photonics. Significant steps have already
been taken in that direction, such as the successful operation
of fibred micro-cavities [1]. Such systems typically do not
reach the very high finesse of bulky cavities, but this is com-
pensated by mode volumes smaller by an order of magnitude.

We present here an extension of these microcavities where
the fibres have been replaced by waveguide chips [2] (see
Figure 1). Atoms sit in free space microcavities, facing
waveguides. The latter can be routed and coupled to each
other to connect a potentially very large number of micro-
cavities. This design offers a degree of control unavailable
to other proposed coupled-cavities system like photonic crys-
tals, since each of the atom-microcavity couplings and each
of the waveguide-waveguide couplings can be individually
adjusted (using piezo or capacitive actuators and integrated
thermal phase shifters, respectively).

In such a hybrid quantum system, the atoms effectively
mediate photon-photon interactions by exploiting the cavity
field enhancement which, by saturating the atomic transition
even when only one photon is present inside the cavity, gener-
ates a non-linear phase shift. We describe the basic operating
principles of the device and demonstrate successful operation
of some of the basic building blocks, such as:

e optimisation of UV-written waveguide chips for opera-
tion at 780nm (Rubidium)

e on-chip cross-couplers

e phase shifters

e strong coupling between a waveguide resonator and a
microcavity.

The waveguide chips are fabricated at the University of
Southampton by UV-writing [3], a technique that offers rapid
prototyping, low cost and high flexibility and is therefore an
ideal platform in a research environment.

Atoms are not the only quantum system that can be placed
in our array of microcavities. Quantum dots and diamonds
NV centres are also suitable, and we are currently investigat-
ing cryogenic dye molecules [4].

We also theoretically explore experiments that could be
performed with the finished device. Detailed analysis of
two basic scenarios with two coupled cavities are presented:
spectroscopy of a Jaynes-Cummings system, and dynamics

of a spin system. Our device would also be ideal for more
advanced physics, including quantum phase transitions in a
Bose-Hubbard model [5], high fidelity entanglement trans-
port along a tailored spin chain [6], many-photon fast entan-
glement and cluster state generation, and more generally as a
quantum emulator.
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Figure 1: Schematic representation of the device under con-
struction. Left is a close-up of the free space microcavity
with atoms, coupled to a waveguide. Right shows the cavity
array. Both end facets of the chip are coated with a dielec-
tric mirror, so that each waveguide is an additional resonator,
thus confining photons within the device, while waveguides
are evanescently coupled to each other.
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Central to the weirdness of quantum mechanics is the notion
of wave-particle duality, where classical concepts of particle
or wave behaviour alone cannot provide a complete descrip-
tion of quantum objects. When investigating quantum sys-
tems, information concerning one description is typically sac-
rificed in favour of the other, depending on which description
fits your endeavour. Perhaps unjustly, probing the continuous
variables of an infinite Hilbert space, such as the amplitude
and phase of a light field, often viewed as less interesting
than probing the quantized variables of a quantum system,
due to the fact that when probing the continuous variables of
a quantum system alone, one is restricted to transformations
that map Gaussian states onto Gaussian states. Nevertheless,
the idea of measuring the corpuscular nature of light with only
CV techniques has been theoretically [1, 2] and experimen-
tally [3, 4, 5] investigated.

We present a continuous variable technique enabling us
to exploit the quantized nature of light, and present an ap-
plication of the technique in accessing the statistics of the
non-Gaussian k photon subtracted squeezed vacuum (PSSV)
states. CV techniques combined with linear optics are known
to be insufficient to prepare non-Gaussian states with negativ-
ity in their Wigner functions. Here we extend these ideas and
show how the necessity of a photon counting measurement
can be replaced by CV measurements for the reconstruction
of the statistics of non-Gaussian states. Although the k-PSSV
states are not heralded, remarkably, we still extract their quan-
tum statistics.

Our scheme replaces a would-be photon counting measure-
ment with homodyne measurements of the field quadrature
[6]. We present two different approaches to this measure-
ment: one that focuses on sampling polynomials of the num-
ber operator implemented with a heterodyne measurement,
and a second approach where the pattern functions developed
by Leonhardt [1] and a single phase-randomised homodyne
form the conditioning measurement. Both techniques allow
for photon number discrimination in the reconstruction of the
non-Gaussian states, allowing us to unambiguously recon-
struct the 1, 2, and 3-PSSV states. The Wigner functions,
shown in Figure 1, are obtained directly from raw data using
the inverse Radon transform without correction or assump-
tion. All reconstructions present clear negativity, testifying
to the non-classical nature of the reconstructed states. In ad-
dition to enabling us to reconstruct larger states, the ability
of our scheme to discriminate photon number also allows us
to remove spurious contributions from unwanted higher order
subtraction events.

Whilst this scheme does not allow access to heralded non-
Gaussian states, it may prove useful for approaches focused
on average outcomes. This notion of probing the quantized
nature of the quantum system via measurement of its contin-

Figure 1: Experimentally reconstructed Wigner function for
the (a) 1-PSSV state, and the (b) 2-PSSV state. The insets
display the corresponding calculated PSSV states assuming
pure initial squeezed states and ideal photon subtraction.

uous variables could also prove interesting for elds such as
optomechanics, where direct measurements of the quantiza-
tion are unavailable or technically difficult.
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Quantum interconnects between light and matter are es-
sential for future applications of quantum information sci-
ence. For example, they are important ingredients of long-
distance quantum networks, in which remote quantum nodes
are connected by light pulses carrying quantum information.
A technologically appealing system for the realization of
such quantum interconnects is provided by an optically dense
room-temperature atomic ensembles where quantum pulses
of light are manipulated using electromagnetically induced
transparency (EIT).

Despite the remarkable experimental progress demon-
strated recently using single atoms in optical cavities as quan-
tum nodes and node-connecting single photons [1], several
requirements remain unfulfilled in order to implement a truly
practical quantum network. One of them is the capability to
easily restore the quality of an input signal so that degrada-
tions in signal quality do not propagate through the network
[2]. For photon-linked quantum networks, in particular, it is
necessary to preserve the temporal envelope of a light pulse
containing a single information-carrying photon. We there-
fore aim to develop a practical device which allows one to
control the temporal envelope of a light pulse on the fly.

Towards this goal, we have set up an EIT-based light stor-
age experiment using a 8"Rb vapour cell. The classical sig-
nal field is obtained from a diode laser and attenuated to the
single-photon level. The control field comes from an addi-
tional diode laser phase locked to the signal in order to ensure
a two-photon resonance. We use linear orthogonal polariza-
tions for the two lasers, and the time-dependent field intensi-
ties are controlled using acousto-optical modulators.

In order to prove that our system is able to control light
pulses at the single-photon level, we have implemented a
stack of filtering stages for the control-field photons. Filtering
is particularly important because typically one signal photon
has to be distinguished from 10! control photons. In our ex-
periment, the filtering is provided by polarization optics and
two temperature-controlled silica etalons. Overall we have
achieved 131 dB control-field suppression while only having
10 dB signal losses. This results in an effective control sup-
pression of 121 dB which is almost two orders of magnitude
better than results reported in recent experiments [3, 4]. Ad-
ditional measures have also been taken to minimize control-
field induced noise photons produced at the signal frequency.

We have then performed EIT storage experiments at the
single-photon level and recorded the results over many ex-
perimental runs using a single-photon counting module. The
resulting histogram of click-events contains information re-
garding the storage process, but also events associated to
control-field induced noise photons (storage histogram). Ad-
ditionally, we have repeated the storage sequence but only
with the control field present, thereby obtaining a histogram
of clicks associated exclusively to the noise photons (noise
histogram). Subtracting both sets of experimental measure-
ments yields the histogram of counts provided only by the
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Figure 1: Noise-free storage histograms with arbitrarily -
shaped retrieval for input pulses containing on average one
single-photon (see text for details).

storage and retrieval of the signal field (noise-free storage his-
togram). Finally, we have determined the ratio between the
total number of counts in the noise-free storage histogram
during the time-interval associated to the retrieval, and the to-
tal number of counts in the noise histogram during the same
time-interval. This yields our measured signal-to-noise-ratio
(an adequate measure of the performance of the device at the
single-photon level) of 1.5. This is to the best of our knowl-
edge the first time that such high measured signal-to-noise-
ratio has been achieved in a vapour experiment.

Moreover, we have stored single-photon level light pulses
with a given temporal envelope in the medium and engineered
their retrieval with an arbitrary shape (see Fig. 1). This is
achieved by means of dynamically manipulating the intensity
of the control field during read-out, thus coherently modu-
lating the group velocity of the propagating light pulse. The
latter experiment opens up realistic avenues for the optically
controlled manipulation of the temporal wave-function of true
single-photon fields.
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The generation of high-quality single photon states with con-
trollable narrow spectral bandwidths and central wavelength
is key to facilitate efficient coupling of any atomic system
to non-classical light fields. Among others, such interaction
is essential for applications in the fields of linear quantum
computing and optical quantum networking. In order to be
compatible with all of these experiments, a versatile single-
photon source should allow for tuning of the spectral prop-
erties (wide wavelength range and narrow bandwidth), while
retaining high efficiency.

For the first time, we realized an efficient (1.3 - 107
pairs/(s mW 13 MHz)) narrow-band heralded single photon
source, readily tunable in all spectral properties at once. We
successfully implemented a cavity assisted spontaneous para-
metric down-conversion process with a crystalline whisper-
ing gallery mode resonator (WGMR). In essence, our sys-
tem is comparable to a triply resonant optical parametric
oscillator[3] operated far below the pump threshold. A green
pump light is coupled to the resonator using a prism placed in
closed vicinity to the resonator. The variable spacing between
the prism and the WGMR forms the basis for the adjustable
decay times of the down-converted single photon pairs. By
controlling the temperature of the WGMR we control the
phase-matching between the pump and the down-converted
photons (natural Type I phase matching). An additional con-
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Figure 1: (A) The normalized Glauber inter-beam correlation
functions for different coupling distances. (B) The normal-
ized Glauber intra-beam correlation function conditioned on
an idler event.

trol over the phase matching is realized by a voltage applied
to the resonator.

The down-converted light is characterized by evaluating
the normalized Glauber inter-beam and intra-beam correla-
tion function, respectively. This gives us a measure for the
bandwidth of the emitted photons and the purity of the gener-
ated single photon states. We verify a bandwidth tunability of
almost a factor of two starting from the smallest experimen-
tally determined bandwidth of 7.2 MHz (Fig.1A). The cor-
responding purity indicates the presence of only three effec-
tive modes. We want to point out that this purity is achieved
without the need for (lossy) filtering. By heralding on the
idler photon, we investigated the normalized Glauber intra-
beam correlation. The minimum of this correlation func-
tion is sensitive to the non-classical correlations and tends
to zero for single photon states. In Fig.1B the characteris-
tic anti-bunching is clearly visible and shows that our source
generates non-classical correlations between two photons in
two different modes. By changing the resonators tempera-
ture over 3 °C we observe a wavelength detuning of 100 nm
(Fig.2). Furthermore we demonstrate that a change of the ap-
plied resonator voltage over a range of 4 V results in a mode-
hop-free wavelength detuning of 150 MHz.
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Figure 2: Wavelength detuning via temperature phase-
matching.
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Transition edge sensors with low jitter and fast recovery times
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Superconducting transition edge sensors (TES) for single
photon detection have been shown to have almost perfect
quantum efficiency (98%) at a wide range of wavelengths[1,
2, 3]. Their high quantum efficiency combined with their abil-
ity to intrisically measure the energy of the absorption event
results in a detector that is able to distinguish photon num-
ber with high fidelity and without any multiplexing structure.
These are highly desired properties in quantum optics exper-
iments, however, the wider adoption of TESs has been hin-
dered by relatively poor timing performance, both in recovery
time and in timing resolution (jitter).

We will show how both these aspects can be addressed
by material and thermal engineering and appropriate readout
configurations, while maintaing the high efficiency and the
photon number resolution.

Timing resolution A common figure quoted for TES for
optical photons is a jitter of &~ 100 ns[6], with best reported
values of 28 ns[3]. These are orders of magnitude worse than
commercial APDs and constitute a serious obstacle in their
practical application to coincidence based experiments or the
many setups built around a 80 MHz clocked laser.

Recently[4] we have obtained values as short as 2.5 ns for
800 nm light by using low inductance SQUID amplifiers[5]
with “conventionally” fabricated TES. This brings TES to a
much more useful regime for their integration in practical ex-
periments.

Recovery time Another aspect of timing performance
where TES lag behind is in their recovery times. While a
typical APD has a dead time of ~ 100ns and a supercon-
ducting nanowire will recover in ~ 50ns, a TES’ recovery
time is given in ps, with 4 us being a typical figure. We have
shown recently[7] that engineering the thermal links using a
normal metal, in addition of the tungsten used as main TES
material, results in much improved timing performance.

Low timing jitter and fast recovery Ideally we would like
a device that maintains the high efficiency and photon num-
ber resolving characteristics of the TES, while improving on
both aspects of its timing performance. Here we report on
tungsten devices with inherent low jitter (< 12ns) and that
have been engineered by addition of gold patches to improve
the recovery time (< 500 ns). The devices also maintain pho-
ton number resolution and an efficiency > 90%. The com-
bination of the readout configuration optimized for low jitter
plus the addition of a small amount of normal metal results in
a device that is particularly well matched to the requirements
of experiments in quantum optics.
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If in general the transparency of an initially absorbing
medium for a probe field is increased by the presence of a
control field on an adjacent transition, two very different pro-
cesses can be invoked to explain it. One of them is a quantum
Fano interference between two paths in the three level sys-
tem, which occurs even at low control intensity and gives rise
to EIT, the other one is the appearance of two dressed states
in the excited level at higher control intensity, corresponding
to the Autler Townes splitting (ATS). This distinction is par-
ticularly critical for instance for the implementation of slow
light or optical quantum memories. In a recent paper, PM.
Anisimov, J.P. Dowling and B.C. Sanders proposed a quanti-
tative test to objectively discerning ATS from EIT [1] . We
experimentally investigated this test with cold Cs atoms.

In this study, we use an ensemble of cold Cesium atoms
trapped in a MOT, interacting with light via a lambda-type
scheme on the D2 line. Absorption profiles are obtained for
various values of the control Rabi frequency {2- between
0.1T" and 4I', where I' is the natural linewidth, and as a func-
tion of the two-photon detuning 6. The width of the trans-
parency window increases when Q¢ /T becomes larger.

B |\

Figure 1: EIT features in a A-type system. (a) The experi-
mental EIT setup involves a weak signal beam and a control
beam interacting in a cloud of cold cesium atoms prepared
in a MOT. (b) Absorption profiles are displayed for various
values of the control Rabi frequency €2 between 0.1I" and
4T, where I is the natural linewidth, and as a function of the
two-photon detuning 9.

To analyze the absorption curves, data are fitted using two
different models. The first one, related to EIT, is the differ-
ence between two Lorentzian curves centered at the same fre-
quency : a positive one with a large width and a negative one
with a very small width corresponding to the transparency
peak. The second model, related to Autler-Townes splitting,
is the sum of two Lorentzian curves with similar widths and
separated by a frequency that is of the order of the Rabi Fre-
quency of the control field.

As proposed by Anisimov et al. [1], the first method to
test the quality of the fits is to calculate for both EIT and
ATS models the relative weights wgrr and warg which are

estimated from ~’Akaike information criterion” (AIC). Those
weights give relative measurements of the likelihood of fits
and enable us to determine which model is the best for the
experimental data for various values of the control field. The
second method is based on mean relative weights Wgrr and
wars calculated from mean AIC per point. This method
shows a smooth but clear transition between the two regimes
and gives more information about the agreement between
the models and experimental data, compared with the first
method (see fig. 2).
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Figure 2: Relative weights wgrr (red dots) and w o7g (green
dots) are crossing abrupty around ©/I" = 1.1 while mean
weights Wrrr (orange dots) and wW4rg (blue dots) show a
smooth transition around the same crossing point.

In conclusion, we have tested the EIT versus ATS test pro-
posed in Ref.[1] in a well controlled experimental case. The
criteria have been calculated and give consistent conclusion
for the boundary between the two regimes. The observed dif-
ferences as compared to the model, e.g the crossing point and
behavior at large Rabi frequency, can be explained by the spe-
cific atomic structure which involves multiple excited levels

2].
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Fast light images and the arrival time of spatial information in optical pulses with

negative group velocity.
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We present the experimental demonstration of superlumi-
nal pulse generation via noncollinear four-wave mixing in
hot rubidium vapor [1]. In the four-wave mixing double-A
scheme an injected seed is blue detuned ~6 GHz relative to
the conjugate, which is generated on the wing of an absorp-
tion line. The two steep gain features result in a large dis-
persion near the gain lines, resulting in both slow and fast
light effects. Near the wings of the gain lines, large negative
group indices are obtained with nearly linear dispersion over
a typical bandwidth of ~10MHz. By injecting seed pulses
of similar bandwidths we observe group velocities of up to
-1/2000 ¢ for the amplified injected beam. A novel feature of
this system is that the generated conjugate propagates with a
different k-vector, and can also be superluminal. The group
velocities of the seed and conjugate pulses can be tuned over
a wide range via the two-photon detuning of the seed, as well
as by varying the input seed power.

Due to the lack of a cavity in the experiment, we are able to
impart an image on the injected seed pulse, and show that the
multi-spatial mode pulse also propagates with negative group
velocity. Different spatial regions of the image are shown
to propagate with different group velocities, all superluminal.
Experimental limitations on the amount of pump power avail-
able require focusing the pump beam, resulting in some spa-
tial distortion of the images. Because of this, there is a trade-
off between the amount of relative pulse peak advancement
and output image quality. Large relative pulse peak advance-
ments of >60% are shown, in the case when image quality is
not a concern.

This scheme allows us to investigate the propagation of
spatial information through a medium of anomalous disper-
sion. By encoding information in the spatial degree of free-
dom, we can address the arrival time of the experimentally
detectable information without introducing temporal wave-
forms that explicitly contain points of non-analyticity. This
allows for the majority of the pulse bandwidth to fit in the lin-
ear region of anomalous dispersion. We show that given a re-
alistic detector with sub-unity quantum efficiency, the arrival
time of the spatial information is advanced when propagating
through the region of anomalous dispersion [2].

The seed and conjugate beams in the noncollinear four-
wave mixing scheme in hot rubidium vapor have been shown
to exhibit nonclassical correlations and entanglement [3].
The present results should allow investigating the effects of
anomalous dispersion on quantum correlations between the
generated twin beams.
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Entangled photons are basic ingredients for applications in
linear optics quantum computation [1] and various schemes
in quantum information which employ teleportation [2] and
entanglement swapping [3].

Here, we present a pulsed down-conversion source of
polarization-entangled photon pairs that consists of a non-
linear crystal embedded in a Sagnac-type interferometer [4].
The conversion takes place in a type-II periodically poled
KTP crystal with a poling period of 9.825um and a length
of 15mm. Laser pulses at 808nm with a duration of about 2ps
from a Ti:Sapphire laser are frequency-doubled to 404nm in
a BIBO crystal and sent into the Sagnac loop.

Our experimental setup is shown schematically in Fig.1 (a).
The pump beam is reflected off a dichroic mirror and enters
the interferometer. Depending on its polarization it travels
clockwise or counter-clockwise through the loop before it is
down-converted in the type-II ppKTP crystal. The created
photons propagate through the loop and exit at the polariz-
ing beam splitter. Depending on their polarization, the single
photons are reflected or transmitted by the beamsplitter and
travel along two different paths before they are coupled into
single-mode fibers and detected. The dual-wavelength half
wave-plate in the loop erases the temporal walk-off which
is typical for type-II down-conversion. A dichroic mirror in
front of the loop reflects the pump light and transmitts the
down-converted photons.
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Figure 1: (a) Schematic picture of the experimental setup (b)
Visibility of the U*-state; AD=98.70(9)%, HV=99.88(3)%
(c) Fidelity of the output state depending on the crystal po-
sition (d) Gouy phase-shift depending on the position of the
focus

The major advantage of the Sagnac source is the intrinsic
phase-stability [5] of the interferometer. Other advantages are
that there is no need for spatial, temporal or spectral filtering

of the photon pairs and that the source is wavelength-tunable
and can be run in a cw [5] or pulsed [6] configuration.

The visibility of our created U*-Bell-state is shown in
Fig.1 (b). We achieved very high visibilities of 98.70(9)%
in the AD-basis and 99.88(3)% in the HV-basis. More-
over, we did a full quantum state tomography on our mea-
sured state and received a tangle of 96.50(83)% and a fidelity
98.20(70)%.

In addition, we investigated the phase properties of this
source geometry. In [5] it was shown that the phase of the
generated biqubit state does not depend on the position of the
crystal in the loop. Yet, this claim is only correct for plane
waves propagating in vacuum. In a real source the phase of
the generated state will be affected by two factors: the disper-
sion of air and the Gouy phase-shift which occurs in Gaussian
beams. While the dispersion of the air is linear and trivial to
solve, the Gouy phase-shift is somewhat more complicated.
Boyd and Kleinman showed in [7] that the the Gouy phase-
shift acts destructively on the conversion unless it is compen-
sated for by an appropriate phase mismatch. However, even
for relatively weak focusing, the compensation cannot be per-
fect. The contribution of the Gouy phase-shift along with the
influence of the dispersion of air are evident when moving
the crystal in the loop. Fig.1 (c) shows that we performed a
full quantum state tomography on the output state to obtain
its phase. The residual Gouy phase-shift after subtracting the
contribution of the dispersion of air, was measured in Fig.1
(d) (black dots) and compared to theory (red curve).
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Random number generators (RNGs) are important in many
fields ranging from simulations to cryptography. In quan-
tum cryptography random numbers are essential for an un-
conditional secure key distribution [1]. RNGs based on com-
puter algorithms or classical physical systems produce bit se-
quences that might seem random, however they in principle
still rely on a purely deterministic nature. Quantum mechan-
ics can overcome this hurdle as the quantum measurement
process can yield completely random outcomes. This has the
additional advantage that the numbers are unique, i.e. that
no potential adversary has knowledge over the generated bit
string. One can assure this by either utilizing pure states [2], a
detection-loophole free Bell test [3] or a tomographical com-
plete measurement [4].

Our quantum RNG scheme[2] employs a homodyne detec-
tion system to measure the quantum fluctuations of a pure
vacuum state. We here present an implementation that uses a
high speed homodyne detector and novel data-post process-
ing that is able to improve the speed of the quantum RNG to
the Gbit/s range.

The experimental setup (s. Fig.la) consists of a bal-
anced homodyne setup that uses a combination of a half-
wave plate and a polarizing beam splitter to substitute the
actual beam splitter in order to assure an exact splitting ra-
tio of the local oscillator of 50%. The detected signals are
subtracted and fed into an oscilloscope with a 4 GHz analog
bandwidth and a 20 GS/s sampling rate. By subtracting the
two currents, a quadrature amplitude of the vacuum state is
measured. As the electronic noise and gain of the detector
and oscilloscope modify the signal with their non-uniform,
frequency-dependent spectrum we perform the data extrac-
tion with the quantum fluctuations occurring at each single
frequency respectively (omitting pick-up signal from exter-
nal noise sources, for example mobile phone up- and down-
links). For this purpose we apply a discrete Fourier transform
(DFT) with a resolution bandwidth of 0.1 MHz to the mea-
sured time signal (the power spectrum is shown in Fig. 1b).
At each frequency component the amplitude fluctuations fol-
low a Gaussian probability distribution.

To extract bits from the measured signal an equidistant
spacing of width b is applied to a length B = b - 2" of each
of the probability distributions. Here n is the number of bits
assigned to each measurement value within one bin of width
b. The pattern is repeated after each length B. This scheme
has the advantage that if B is chosen small enough a uniform
distribution is achieved, i.e. that the numbers are not biased.
We determine the conditional Min-entropy in the system , al-
lowing us to carefully characterize how much information is
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Figure 1: a) The experimental setup of the QRNG (HWP
= half-wave plate, PBS = polarizing beam splitter). b) The
power spectrum of the homodyne measurement data of the
vacuum fluctuations (red) and the electronic noise (blue).

suited for true random number generation. Furthermore, the
extractable information of the generated bit string is deter-
mined. A one-way hashing function has to be applied to the
raw bit strings to reduce its information content by the ap-
propriate amount. After that the resulting bits only contain
information from quantum effects.

The high-speed detector and the new bit extraction method
allow an expected random bit extraction speed of up to
10 GBit/s.
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Single spontaneous photon as a coherent beamsplitter for an atomic matter-wave
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In spontaneous emission an atom in an excited state under-
goes a transition to the ground state and emits a single photon.
Associated with the emission is a change of the atomic mo-
mentum due to photon recoil [1]. In free space, a spontaneous
emission destroys motional coherence [2, 3].

Photon emission can be modified close to surfaces [4] and
in cavities [5]. In the experiment reported here [6] we show
that motional coherence can be created by a single sponta-
neous emission event close to a mirror surface.

For emission very close to a mirror surface directions of
the emitted photon become indistinguishable due to reflec-
tion. A single spontaneous emission event in front of a mirror
therefore creates a coherent superposition of freely propagat-
ing atomic matter waves, without any external coherent fields
involved. The coherence in the free atomic motion can be ver-
ified by atom interferometry [7]. We observe coherence only
when the photon cannot carry away which-path information
(see Figure 1).

In our experiment the emitted single photon can be re-
garded as the ultimate light weight beamsplitter for the atomic
matter wave and consequently our experiment extends the
original recoiling slit Gedanken experiment by Einstein [8]
to the case where the slit can be in a coherent superposition
of the two recoils associated with the two paths of the quanta.

In free space the momentum of the emitted photon allows
to measure the path of the atom. This corresponds to a well
defined motional state of the recoiling slit beamsplitter and
no coherence is observed. Close to the mirror reflection ren-
ders paths with opposite momentum indistinguishable real-
izing a coherent superposition of the beamsplitter in two mo-
tional states. The large mass of the mirror ensures that even in
principle the photon recoil on the mirror cannot be seen, and
therefore erases the entanglement between the photon and the
path of the atom. Thus the atom is in a coherent superposition
of the two paths and interference is observed.
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Figure 1: Experimental confirmation of coherence induced by
spontaneous emission [6]. A spontaneous emission event is
employed as the first beamsplitter of an atom interferometer
which is completed by Bragg scattering from a standing light
wave. The relative phase of the two paths can be changed
by moving the *Bragg mirror’ which forms the standing wave
as indicated. In the case of large distance (54 pm) between
atoms and the mirror (upper graph) no interference signal is
observed confirming the free space limit. For short distance
(2.8 pm) the mirror erases the which path information carried
by the photon, the single emitted photon acts as a coherent
beamsplitter and interference is observed. The inset depicts
the position of the mirror to the atomic beam.
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We investigate entanglement production with highly-
mixed states. We show that entanglement between highly
mixed states can be generated via a direct unitary interaction
even when both the states have purities arbitrarily close to
zero [1]. This indicates that purity of a subsystem is not re-
quired for entanglement generation, and this result is in con-
trast to previous studies where the importance of the subsys-
tem purity was emphasized.

Entanglement is considered a genuine quantum correlation
that cannot be described by any classical means. In general,
generating entanglement using a classical system such as a
thermal state is much more difficult than using a nonclassi-
cal state. On the other hand, it is still possible to generate
entanglement with highly mixed thermal states under certain
conditions [2, 3, 4, 5, 6]. For example, Bose ef al. showed
[3] that entanglement always arises between a two-level atom
and a thermal field inside a cavity irrespective of the temper-
ature of the thermal state as far as the atom was initially in a
pure excited state.

However, these are not the bottom of the investigations.
For example, it would be an interesting question whether a
thermal state at an arbitrarily high temperature can ever be
entangled with a mixed atomic state by a direct unitary in-
teraction. In fact, it is possible to prepare the initial atomic
state in an independent manner from the temperature of the
field. We consider an atomic state, ple)(e| + (1 — p) |g){g|
with 0 < p < 1, and a thermal-field state, p”‘ = (1-
A) >, A" [n)(n], where |g)(|e)) is the ground (excited) state
of the atom and |n) is the photon number state of the field.
We note that A\ = exp|—Ffiw/kgT], kp is the Boltzman con-
stant, 7" is the temperature, and w is the frequency of the
optical field. In our analysis, the purity of state p is quan-
tified by the linear entropy Tr[p?]. The purities of the atomic
and field states are then Puiom = 2(p — 1/2)? + 1/2 and
Pricia = (1=X)/(1+\), respectively. We take p and X as in-
dependent control parameters of purities of the atom and the
field. The initial states evolve through a Jaynes-Cummings
interaction, Hyc = g(le){g|a + |g){e|al), where g is the
coupling strength and a (a') is the annihilation (creation) op-
erator of the field mode. Our numerical analysis based on the
negativity of partial transpose [7, 8, 9] suggests that a certain
degree of purity for the atom is required to generate entangle-
ment.

It also remains unanswered whether entanglement may
be generated between thermal states at arbitrarily high tem-
peratures by a direct unitary interaction. We here prepare
two identical displaced thermal states, D(d)p*" D (d), where
D(d) = @' =d"a and then apply a cross-Kerr interaction di-
rectly. The cross-Kerr interaction between modes a and b is
described by an interaction Hamiltonian Hyeap = xatabd
where  is the nonlinear interaction strength. Here, the purity
(and the temperature) of a thermal state is characterized solely

by its variance V. The purity of a thermal state approaches
zero (and the temperature approaches infinity) for V' — oo.
As shown in Fig. 1, interestingly, we observe that two thermal
states at arbitrarily high temperatures are entangled through a
direct unitary interaction as far as the displacement d of the
thermal states is sufficiently larger than the variance of the
thermal states, i.e., d > V.

Our results reveal some interesting facts concerning the
generation of entanglement involving highly mixed systems.
The purity of initial states is not necessarily a prerequisite for
entanglement generation. It rather depends on the model of
the interaction between the initial states. In particular, entan-
glement between thermal states can be generated via a direct
unitary interaction even when both the states have purities ar-
bitrarily close to zero.

0 1000

Figure 1: Entanglement (negativity of partial transpose) /N of
a state generated by a direct cross Kerr interaction between
two displaced thermal states with variance V' and displace-
ment d.
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We present a possible scheme for creating and detecting en-
tangled states in momentum space for neutral metastable He-
lium (He*) atoms.

Starting from a Bose-Einstein condensate (BEC) one can
use two-photon Raman pulses to transfer momentum to the
atoms. Using this to put the atoms in a superposition of two
counterpropagating momentum states one can induce colli-
sions between atoms to create entangled atom pairs [1]. Very
close to the original proposal by Einstein, Podolski and Rosen
[2], those pairs are anti-correlated in their motional degree of
freedom.

A position resolved micro-channel plate (MCP) detector
can be used for detecting individual He* atoms. The high in-
ternal energy of He* atoms of almost 20 eV per atom allows
for creating an electron avalanche in the MCP channels that
is subsequently hitting a delay-line Anode. Very precise de-
tection of the arrival times of the electronic pulses on the ends
of the delay-lines of sub 500 ps resolution allows for precise
detection in space (< 50 pm) and time, thereby gaining full
3D information on an individual atom. Due to the large sur-
face area of the detector (80 mm in diameter) we can mount
it more than 80 cm below the magnetic trap center which in-
creases the resolution in momentum space. Four independent
quadrants of the detector enable us to detect two particles on
opposite detector sides in a truely simultaneous manner.

Figure 1: With momentum correlated atom pairs, single parti-
cle interference patterns don’t occur, since the correlated part-
ner particle could in principle be used for gaining which path
information. In a double double-slit configuration, however,
a second double slit is used to erase that information and in-
terference fringes appear when detecting the particles in co-
incidence.

Those tools open up the way for experiments to proof that
the atoms are actually entangled, for example in a double
double-slit experiment (see Fig. 1) [3, 4, 5]. We analyze
requirements and restrictions for such an experiment, for
example on detector resolution and source size, and show
that it should be in principle achievable in our current setup.
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In 1985, Leggett and Garg put forward the concept of macro-
scopic realism (macrorealism) and, in analogy to Bell’s the-
orem, derived a necessary condition in terms of inequali-
ties, which are now known as the Leggett-Garg inequali-
ties. In this paper, we discuss another necessary condition
called statistical non-invasive measurability. Its structure in-
tuitively encompasses the physical meaning of macroreal-
ism and allows for an experimental test in situations where
the paradigm of Leggett-Garg inequalities cannot be imple-
mented. It solely bases on comparing the probability distri-
bution for a macrovariable at some time with the distribution
in case a previous measurement was performed. Although the
concept is analogous to the no-signaling condition in the case
of Bell tests, it can be violated according to quantum mechan-
ical predictions. We show this with the example of the double
slit experiment.
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In Quantum Mechanics (QM) not all properties can be si-
multaneously well defined. An important question is whether
a joint probability distribution can describe the outcomes of
all possible measurements, allowing a quantum system to be
mimicked by classical means. Klyachko, Can, Binicioglu and
Shumovsky (KCBS) [1] derived an inequality which allowed
us to answer this question experimentally. The inequality in-
volves only five measurements and QM predicts its violation
for single spin-1 particles. This is the simplest system where
such a contradiction is possible. It is also indivisible and as
such cannot contain entanglement. In our experiment with
single photons distributed among three modes (isomorphic to
stationary spin-1 particles) we 