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Invited Conference Speakers

Markus Arndt (link)
Quantum Nanophysics Group

University of Vienna, Austria
An exploration of novel beam splitting techniques for complex molecular systems

Florent Baboux(link)

Laboratoire de Photonique et de Nanostructures (CNRS)
Marcoussis, France

Polariton condensates in lattices (abstract)

Garrett D. Cole (link)

Vienna Center for Quantum Science and Technology

Faculty of Physics, University of Vienna

& Crystalline Mirror Solutions LLC & GmbH

Crystalline coatings: an unexpected spin-off of cavity optomechanics (abstract)

Jakob Flury (link)
Institut fir Erdmessung (IfE)
Centre for Quantum Engineering and Space-Time Research (QUEST)

Leibniz Universitat Hannover
Relativistic geodesy and applications of gravimetry with quantum sensors

Alexandre Gauguet (link)

Interferometry Group
The Laboratoire Collisions-Agrégats-Réactivité (LCAR)

Universtiy of Toulouse, France
Geometrical phase-shift measurements by atom interferometry: the example of the He-McKellar-Wilkens
and the Aharonov-Casher effect

Mark Kasevich (link)

Atom Science

University of Stanford

Stanford, USA

Precision Inertial Sensing Using Atom Interferometry (abstract)

Tanja Mehlstaubler (link)

Quantum Sensors with Cold Ions

QUEST @ PTB

Physikalisch-Technische Bundesanstalt

Braunschweig, Germany

Symmetry Breaking and Topological Defect Formation in Ion Coulomb Crystals (abstract)

Hanns-Christoph Nagerl (link)

Ultracold Atoms and Quantum Gases

University of Innsbruck, Austria

Dynamics in one-dimensional chains of Bosons (abstract)

Luca Pezze'
QSTAR - Quantum Science and Technology in Arcetri
European Laboratory for Non-Linear Spectroscopy

Useful Entanglement in Quantum Metrology (abstract)



FOMO-2014
Crete 06.0ct. — 10.0ct. 2014

Ernst Rasel (link)
Institute of Quantum Optics & QUEST

Leibniz Universitat Hannover, Germany
Atom Interferometry - from small to tall

Jakob Reichel (link)

Atom Chips Group
Laboratoire Kastler Brossel
Ecole Normal Superieure

Paris, France
Creating many-body entanglement in an atomic ensemble using quantum Zeno dynamics in a fiber cavity

Nick Robins (link)
Quantum Sensors and Atom laser Group
Department of Quantum Science

Australian National University
Atom interferometry with Bose-condensed atoms: prospects for precision measurement

Tarik Berrada (link)

Atom Chip Group

Vienna Center for Quantum Science and Technology (VCQ)
Atominstitut, TU-Wien

Vienna, Austria

Alice Sinatra (link)
Laboratoire Kastler Brossel
IFRAF (Institut for Cold Atoms)
Ecole Normal Superieure

Paris, France
Spin squeezing in Bose-Einstein condensates : ultimate limits and prospects for applications (abstract)

Helmut Strobel (link)

Kirchhoff-Institut flr Physik

University of Heidelberg

Heidelberg, Germany

Fisher-Information and entanglement of non-Gaussian spin states (abstract)

Guglielmo Tino (link)
Ultracold atoms and precision measurements Group
European Laboratory for Non-Linear Spectroscopy (LENS), Florence, Italy

Precision gravity measurements with cold atom interferometry

Philipp Treutlein (link)
Quantum Optics Lab

University of Basel, Switzerland
Quantum Metrology with a Scanning Probe Atom Interferometer



FOMO-2014
Crete 06.0ct. — 10.0ct. 2014

Contributing Speakers

Dimitris G. Angelakis

Quantum-nano photonics for quantum simulations

School of Electronic and Computer Engineering, Technical University of Crete, Chania, Crete, Greece,
73100

Centre for Quantum Technologies, National University of Singapore, 3 Science Drive 2, Singapore 117543

Adian S. Arnold

Maximum Contrast Condensate Interference

C. H. Carson, Y. Zhai, P. F. Griffin, E. Riis and A. S. Arnold
Department of Physics University of Strathclyde 107 Rottenrow,
Glasgow

Philippe Bouyer

Advanced concepts in atomic clocks and atom interferomertry

A. Bertoldi, E. Cantin, R. Kohlhaas, D. Pandey, B. Barrett, L. Antoni-Micollier, P.-A. Gominet, B. Battelier,
A. Landragin, and P. Bouyer

LP2N, Laboratoire de Photonique Numérique et Nanosciences, Institut d'Optique Graduate School IOA,
Rue Frangois Mitterrand, 33400, Talence, France

Systémes de Référence Temps-Espace, Observatoire de Paris, CNRS, UPMC et LNE, 61, avenue de
I'Observatoire, F-75014 PARIS

France

G. D. Bruce
Holographic Generation of Optical Traps for Ultracold Atoms

G. D. Bruce, T. Harte, M. Y. H. Johnson, E. Cormack, D. Richards, J. Mayoh, J. Keeling, and D. Cassettari
SUPA School of Physics and Astronomy, University of St Andrews, St Andrews, Fife KY16 9SS, UK.

Naceur Gaaloul
Quantum degenerate mixtures for precision atom interferometry

N. Gaaloul, K. Posso-Trujillo, W. Ertmer, and E. Rasel
Institute of quantum optics Leibniz university of Hanover Welfengarten 1, 30167 Hanover, Germany

Simon Haine
Quantum enhancement of atomic sensors with atom-light entanglement and information recycling
School of Mathematics and Physics University of Queensland Brisbane, Australia

Heske Astrid

Quantum sensors for space - a case study
ESA/ESTEC

Carsten Klempt

Detecting multiparticle entanglement of Dicke states

C. Klempt, B. Liicke, J. Peise, G. Vitagliano, J. Arlt, L. Santos, G. Téth, and W. Ertmer

Department of Mathematics and Physics Leibniz Universitat Hannover Welfengarten 1, 30167 Hannover

Y. Margalit

Magic frequencies in atom-light interaction for precision probing of the density matrix

Y. Margalit, M. Givon, A. Waxman, T. David, D. Groswasser, Y. Japha, and R. Folman

Physics Department Ben-Gurion University of the Negev P.O. Box 653, Beer Sheva 84105, Israel

V. Schkolnik

High precision gravity measurements with the mobile atom interferometer GAIN

V. Schkolnik, M. Hauth, C. Freier, B. Leykauf and A. Peters

Institut fuer Physik Humboldt-Universitaet zu Berlin NewtonstraBe 15, 12489 Berlin
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S. Sponar

Error-disturbance uncertainty relations and the quantum Cheshire Cat studied in neutron optical
experiments

S. Sponar, G. Sulyok, T. Denkmayr, H. Geppert, H. Lemmel, and Y. Hasegawa

Atominstitut - Vienna University of Technology, Stadionallee 2, 1020 Vienna, Austria
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Quantum-nano photonics for quantum simulations

Dimitris G. Angelakis

School of Electronic and Computer Engineering, Technical University of Crete, Chania, Crete,
Greece, 73100

Centre for Quantum Technologies, National University of Singapore, 3 Science Drive 2, Singapore
117543

http://www dimitrisangelakis.org

The progress in manipulating light-matter interactions at the micro- and nano-scale as in the
case of cold atoms interfaced with nano-photonic structures, and in circuit QED, make it now
possible to robustly observe strong coupling and nonlinear optical interactions at the quantum
level. The latter has recently motivated the birth of a new field where strongly correlated
states of light generated in such optical set ups are proposed for simulating quantum phase
transitions, topological effects, as well as gauge and relativistic field theories [1,2,3]. The
accessibility of local observables, and the ability to probe out-of-equilibrium many-body
phenomena in these systems, combined with efficient optical measurements, offer
complementary advantages over other quantum simulators approaches based in purely atomic
or ionic set ups. I will briefly review the main theory results in this area along with our recent
efforts for simulations of models exhibiting strongly correlated phases and topological
protected modes in out of equilibrium driven slow light and circuit QED set ups [4,5]. I will
conclude by presenting a recent experimental simulation of the unphysical Majorana equation
and charge conjugation dynamics using photons in an integrated photonic chip [6].

References

[1] Tomadin & Fazio, Many-body phenomena in QED-cavity arrays. J. Opt. Soc. Am. B. 27
A130-A136 (2010); Houck, Tureci, & Koch, J. On-chip quantum simulation with
superconducting circuits. Nat. Phys. 8 292-299 (2012).

[2] Angelakis, et al,” “Photon blockade induced Mott transitions and XY spin models in
coupled cavity arrays”, Phys. Rev. A 76, 031805(R) (2007); Cho, Angelakis, Fractional
Quantum Hall state in coupled cavities”. Phys. Rev. Lett 101, 246809 (2008).

[3] Angelakis, et al, A photonic Luttinger liquid and spin-charge separation in hollow core
fibers” Phys. Rev. Lett. 106, 153601 (2011); Angelakis, et al.” Mimicking interacting
relativistic theories with stationary light"” Phys. Rev. Lett. 110, 100502 (2013).

[4] Gruzic, Clark, Angelakis, Jacksh, "Non-equilibrium many-body effects in driven
nonlinear resonator arrays” New Jour,. of Phys. 14, 103025 (2012).

[5] P. Das, C. Noh, Angelakis “Realizing the driven non-linear Schrodinger equation with
slow light”, EPL 103 34001, (2013); Angelakis, Das, Noh. "Probing the topological
properties of the Jackiw-Rebbi model with light". arXiv:1306.2179, Nature Scientific
Reports, 4, 6110 (2014).

[6] Keil, Noh, Rai, Stutzer, Nolte, Angelakis, A. Szameit "Experimental simulation of charge
conservation violation and Majorana dynamics", http://arxiv.org/abs/1404.5444
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Maximum Contrast Condensate Interference

C. H. Carson, Y. Zhai, P. F. Griffin, E. Riis and A. S. Arnold
Department of Physics

University of Strathclyde
107 Rottenrow, Glasgow G4 ONG
photonics.phys.strath.ac.uk

e-mail: aidan.arnold@strath.ac.uk

Abstract

We use magnetic levitation and a variable-
separation dual optical plug to obtain clear spa-
tial interference between two BECs axially sepa-
rated by up to 0.25 mm. Fringes are observed us-
ing standard (i.e. non-tomographic) resonant ab-
sorption imaging [1]. The ‘magnifying’ effect of a
weak inverted parabola potential on fringe separa-
tion is observed and agrees well with theory. With
160 ms levitation we can observe single-shot inter-
ference contrasts as high as 95% (see Figure 1 ab-
sorption image below), close to the theoretical limit
due to pixellation of the sinusoidal fringes on our
CCD camera. Interference patterns with fringe pe-
riods of 85 um (individual de Broglie wavelengths
of 170 pm) are possible with 200 ms levitation. We
are currently looking into other methods and ge-
ometries to split the BEC, one of these methods is
to RF dress [2] our Ioffe-Pritchard trap [3] which
would split the condensate radially [4]. Phase fluc-
tuations are an inherent property in highly elon-
gated BECs at finite temperature [5] which can de-
grade interferometry. Our long time-of-flight en-
ables new levels of sensitivity to these fluctuations.

References

[1] M. E. Zawadzki, P. F. Griffin, E. Riis, and A.
S. Arnold, Phys. Rev. A 81, 043608 (2010).

[2] O. Zobay and B. M. Garraway, Phys. Rev.
Lett. 86, 1195 (2000).

Figure 1: High contrast (95%) interference fringes
between two initially separated condensates after
160 ms time-of-flight.

[3] A.S. Arnold, C. S. Carvie and E. Riis, Phys.
Rev. A 73 041606 (2006).

[4] T. Schumm et al., Nat. Phys. 1, 57 (2005).

[5] S. Dettmer et al., Phys. Rev. Lett. 87, 160406
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POLARITON CONDENSATES IN LATTICES

F. Baboux, D. Tanese, T. Jacqmin, M. Abbarchi, A. Lemaitre, E. Galopin, I. Sagnes, A. Amo, J. Bloch
Laboratoire de Photonique et de Nanostructures, LPN/CNRS, 91460 Marcoussis, France
D. D. Solnyshkov, G. Malpuech
Institut Pascal, Université Blaise Pascal / CNRS, 63177 Aubiére, France
E. Gurevich, E. Akkermans
Department of Physics, Technion Israel Institute of Technology, Haifa 32000, Israel
I. Carusotto
INO-CNR BEC Center and Dipartimento di Fisica, Universita di Trento, I-38123 Povo, Italy

At the frontier between non-linear optics and the physics of Bose Einstein
condensation, semiconductor microcavities opened a new research field, both for
fundamental studies of bosonic quantum fluids in a driven dissipative system, and for the
development of new devices for all optical information processing.

Optical properties of semiconductor microcavities are governed by bosonic quasi-
particles named cavity polaritons, which are light-matter mixed states. Cavity polaritons
propagate like photons, but interact strongly with their environment via their matter
component.

In this talk, I will review how semiconductor microcavities can be engineered into 1D
and 2D lattices allowing to implement complex hamiltonians and progress towards quantum
simulation. I will show how we could generate polaritons in a 1D quasi-periodic Fibonacci
potential and reveal features characteristic for a fractal energy spectrum. Then I will present a
2D honeycomb lattice for polaritons, which allows direct imaging of Dirac cones and opens
the way to the investigation of the hydrodynamics of Dirac polaritons. Finally 1D lattices
sustaining a non-dispersive band or “flat band” will be presented: condensation in localized
plaquette states is evidenced with very short extension of the spatial coherence.

All these examples highlight the great potential of semiconductor cavities as a new
platform to investigate the physics of interacting bosons.

References

[1] Spontaneous formation and optical manipulation of extended polariton condensates ,E. Wertz, et al., Nat. Phys. 6, 860
(2010)

[2] Fractal energy spectrum of a polariton gas in a Fibonacci quasi-periodic potential, D. Tanese et al., Phys. Rev. Lett.
112, 146404 (2014)

[3] Direct observation of Dirac cones and a flatband in a honeycomb lattice for polaritons, T. Jacqmin et al., Phys. Rev.
Lett. 112, 116402 (2014)

[4] Polariton condensation in the flatband of a 1D comb lattice, F. Baboux et al., under preparation
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POLARITON CONDENSATES IN LATTICES

Jacqueline Bloch

Laboratoire de Photonique et de Nanostructures, LPN/CNRS
Route de Nozay, 91460 Marcoussis, France
Jacqueline.bloch@lpn.cnrs.fr

At the frontier between non-linear optics and the physics of Bose Einstein
condensation, semiconductor microcavities opened a new research field, both for
fundamental studies of bosonic quantum fluids in a driven dissipative system, and for the
development of new devices for all optical information processing.

Optical properties of semiconductor microcavities are governed by bosonic quasi-
particles named cavity polaritons, which are light-matter mixed states. Cavity polaritons
propagate like photons, but interact strongly with their environment via their matter
component.

In this talk, I will review how semiconductor microcavities can be engineered into 1D
and 2D lattices allowing implementing complex hamiltonians and progressing toward
quantum simulation. I will show how we could generate polaritons in a 1D quasi-periodic
Fibonacci potential and reveal features characteristic for a fractal energy spectrum. Then I
will present a 2D honeycomb lattice for polaritons, which allows direct imaging of Dirac
cones and opens the way to the investigation of the hydrodynamics of Dirac polaritons.
Finally 1D lattices sustaining a non-dispersive band or “flat band” will be presented:
condensation in localized plaquette states is evidenced with very short extension of the spatial
coherence.

All these examples highlight the great potential of semiconductor cavities as a new
platform to investigate the physics of interacting bosons.

References
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112, 146404 (2014)

[3] “Direct observation of Dirac cones and a flatband in a honeycomb lattice for polaritons”, T. Jacqmin et al., Phys. Rev.
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Advanced concepts in atomic clocks and atom

interferomertry

A. Bertoldi, E. Cantin, R. Kohlhaas, D. Pandey, B. Barrett, L. Antoni-Micollier, P.-A. Gominet, B.
Battelier, A. Landragin, and P. Bouyer

LP2N, Laboratoire de Photonique Numérique et Nanosciences, Institut d'Optique Graduate School I0OA,
Rue Francgois Mitterrand, 33400, Talence, France
SYstémes de Référence Temps-Espace, Observatoire de Paris, CNRS, UPMC et LNE, 61, avenue de
I'Observatoire, F-75014 PARIS
France

The remarkable success of atom coherent manipulation techniques has motivated competitive reearch and
development in precision metrology. Matter-wave inertial sensors and atom clocks based on these
techniques are all at the forefront of their respective measurement classe. Atomic clocks have reached
stabilities at the 10-18 level thanks to a tremendous progress in the development of ultra-stable optical
local oscillators (LOs). Atom inertial sensors provide nowadays about the best accelerometers and
gravimeters and allow, for instance, to make precise tests of the weak equivalence principle (WEP). We
present here two recent advances in theses fields.

We first present a new method to remove the limitation in clock stability that can be set by the
decoherence source represented by noise of the local oscillator. For that, we use coherence preserving
measurements of the atom-LO phase, and achieve longer effective interrogation times. We implemented a
non-destructive frequency modulation detection for the measurement of the number difference on the
87Rb clock transition. With this probe we could observe the real time evolution of a collective spin and
correct it using feedback [1].

Secondly, we present the recent progress in compact and transportable atom interferometer designed to
using two atomic species: *’K and *'Rb to veriy that two massive bodies will undergo the same
gravitational acceleration regardless of their mass or composition. An atom-interferometric test of the
WEP involves precisely measuring the relative acceleration of two different atoms. Since potassium and
rubidium differ greatly in mass, but have similar internal structure, they are ideal choices for this type of
test. Recently, we demonstrated the first airborne matter-wave interferometer, which operated in
the micro-gravity environment created during the parabolic flights of the Novespace Zero-g aircraft [2].
The 20 seconds of Og produced during each parabola allows us to extend the interrogation time and
therefore the sensitivity of our interferometer. Here, we review our recent experimental results, including
some of the first interferometric measurements with *’K [3].

[1] T. Vanderbruggen, R. Kohlhaas, A. Bertoldi, S. Bernon, A. Aspect, A. Landragin, and P. Bouyer,
Phys. Rev. Lett. 110, 210503 (2013)

[2] R. Geiger, V. Menoret, G. Stern, N. Zahzam, P. Cheinet, B. Battelier, A. Villing, F. Moron, M. Lours,
Y. Bidel, A. Bresson, A. Landragin, P. Bouyer, Nature comm. 2, 474 (2011).

[3] B. Barrett, P.-A. Gominet, E. Cantin, L. Antoni-Micollier, A. Bertoldi, B. Battelier, P. Bouyer, J.
Lautier, and A. Landragin, to be published in Proceedings of the International School of Physics “Enrico
Fermi” on Atom Interferometry (2014).

10



FOMO-2014
Crete 06.0ct. — 10.0ct. 2014

Holographic Generation of Optical Traps for
Ultracold Atoms

G. D. Bruce, T. Harte, M. Y. H. Johnson, E. Cormack, D. Richards, J. Mayoh, J. Keeling,
and D. Cassettari

SUPA School of Physics and Astronomy, University of St Andrews, St Andrews, Fife KY16 9SS, UK.
dc43 @st-and.ac.uk

A recent area of interest in the field of cold
atomic physics is the development of non-
trivial spatially- and temporally-varying
optical trapping geometries, with interesting
examples already demonstrated  using
techniques including acousto-optic deflection,
amplitude- and phase-modulation of trapping
light. Optical traps generally offer increased
trap complexity at small length-scales, but at
the disadvantage of increased likelihood of
small-scale potential roughness. Any local
roughness in the intensity of the light pattern
creates a varying energy landscape, which
could cause heating or fragmentation of the
atom cloud.

Fourier-engineered optical traps (those based
on phase-only spatial modulation of the light
to tailor the intensity in the Fourier plane of an
optical system) have predominantly taken the
form of arrays of discrete traps or Laguerre-
Gauss beams. Recently, a new calculation
method for phase-only holograms of arbitrary
complexity directly addressed the issue of
roughness. This algorithm, the Mixed-Region
Amplitude Freedom (MRAF) [1] variant of the
Gerchberg-Saxton iterative Fourier transform
algorithm, calculates smooth and accurate
light patterns for use as optical atom traps.
However the output of this algorithm, when
applied to real devices, often does not give
high-quality optical traps and this output must
be further adjusted. In this presentation, we
introduce a simple and robust feedback-
enhanced algorithm to improve the accuracy
of optical traps generated by phase-only
spatial light modulators (SLMs). We find that
this algorithm reduces the discrepancy
between target and experimental light
distribution to the level of a few percent (RMS

1"

error), and we prove the generality of this
approach by applying it to a variety of target
light distributions of relevance for cold atomic
physics.

In addition to the feedback-enhanced
algorithm, we present a new method for the
generation of holograms based on the direct
minimisation of a cost function by a conjugate
gradient local search algorithm [2]. Conjugate
gradient minimisation, a well-established
method for minimising high-dimensional
smooth functions, is widely used in contexts
such as electronic structure. Here we show that
this  approach  successfully = combines
computational efficiency and algorithm
versatility, allowing the accurate reproduction
of a variety of target intensity profiles. With
MRAF, the output quality depends critically
on the initial phase guess and on the
initialisation parameters, which have to be
carefully chosen to suppress the formation of
optical vortices during the calculation process.
In contrast, with conjugate gradient
minimisation, optical vortex suppression is
achieved by a judicious cost function choice.
Having determined these cost functions, the
output quality is then largely insensitive to the
initial phase guess, to the point that high
accuracy can be achieved even with a random
phase guess.

Keywords: COMPUTER HOLOGRAPHY,
SPATIAL LIGHT MODULATORS,
ABERRATION COMPENSATION.
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[1] M. Pasienski and B. DeMarco, Opt.
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Crystalline coatings: An unexpected spin-off of cavity
optomechanics

Garrett D. Cole

Crystalline Mirror Solutions LLC & GmbH

Vienna Center for Quantum Science and Technology (VCQ), Faculty of Physics,
University of Vienna

Cavity optomechanics has recently emerged as one of the most dynamic fields in
modern optics. The ultimate objective of this interdisciplinary endeavor is to gain
access to a completely new parameter regime, in terms of size and complexity, for
experimental quantum physics. The fundamental process at the heart of this effort is
the enhancement of radiation pressure within a high-finesse optical cavity.
Exploiting this weak interaction, i.e. the momentum transfer of photons onto the
cavity boundaries, requires the development of mechanical resonators
simultaneously exhibiting high reflectivity and low mechanical dissipation.
Interestingly, similar requirements—as a means of minimizing the deleterious
effects of thermal noise—are found in a broad spectrum of applications, ranging
from interferometric gravitational wave detectors to cavity-stabilized lasers for
optical atomic clocks. This overlap leads to an intimate link between advances in the
disparate areas of optical precision measurement and micro- and nanoscale
optomechanical systems. In this presentation I will outline the fascinating
perspectives of cavity optomechanics and introduce an entirely unanticipated spin-
off technology focused on the development of ultra-stable optical reference cavities.
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Andrew Daley

Department of Physics and Astronomy
University of Pittsburgh

214 Allen Hall, 3941 O'Hara St.

Pittsburgh, PA 15260, United States of America

Lectures 1-2: Quantum Simulators

- Introduction to the concepts of digital and analogue quantum simulation

- Introduction to the microscopic models for atoms in optical lattices and the well-
controlled approximations behind their derivation

- Outline derivation of Bose-Hubbard and Hubbard models with as an example

- Summary of basic properties of these models, and interest in quantum simulation

Lecture 2-3: Dynamics, state-of-the-art, and perspectives

- Time-dependent dynamics in optical lattices: Fundamental relevance of
quenches/thermalisation

- Examples including global and local quenches / thermalisation

- Entanglement in quantum simulators

- Comparison of classical vs. quantum simulation

- Verification of quantum simulation. Importance of producing pure states;
controlling heating

- Experimental state-of-the art and perspectives

Lecture 4: Atoms in optical lattices for clocks and precision measurements
- Strontium Optical lattice clocks

- Related atomic physics

- Applications of these systems for interferometry - standard quantum limit /
Heisenberg limit

- Applications to quantum computing

Lecture 5: Imperfections: Introduction to decoherence and open systems

- Introduction to open quantum systems

- Decoherence in quantum optics, what this means in either measurement or many-
body quantum simulators

- Forms of system-reservoir coupling. Quantum Optics approximations, and the
master equation

Lecture 6 (if time): Introduction to quantum trajectories methods to interpret
and solve master equations

- Combination with t-DMRG to solve many-body master equations

- Examples including light scattering in optical lattices, and dissipative driving to
many-body states

- Examples of using losses to achieve Heisenberg-limited interferometry.
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Time domain interferometry with clusters of organic molecules

N. Dorre, J. Rodewald, P. Geyer, P. Haslinger and M. Arndt

Vienna Center for Quantum Science and Technology

University of Vienna, Faculty of Physics

Boltzmanngasse 5, A-1090 Vienna, Austria

e-mail: nadine.doerre@Qunivie.ac.at

Abstract

We discuss the experimental realization of an opti-
cal matter-wave interferometer (OTIMA) [1, 2] for
clusters and complex molecules that uses absorp-
tive light gratings in combination with Talbot-Lau
interferometry in the time domain. We show re-
cent results and present the future perspectives of
the experiment.

In this setup, neutral particles pass alongside a
mirror that reflects three equally timed UV lasers
pulses. The resulting standing light waves act as
absorptive structures by removing particles from
the antinodes upon absorption of a single photon.
In contrast to material absorptive masks, such grat-
ings allow to be operated in a pulsed mode, which
makes the longitudinal motion of the particles neg-
ligible and thus brings gain in visibility and mea-
surement precision.

We discuss two depletion mechanisms in the laser
gratings at a wavelength of A=157nm. Ionization
occurs for particles with ionization energies lower
than the photon energy of 7.9eV and fragmenta-
tion dominates when two photons would be neces-
sary for ionization of the van der Waals clusters.
We show interference with clusters of various or-
ganic molecules with masses up to 2500 u that also
serve as a motivation to explore cluster proper-
ties with time domain metrology and absorption
spectroscopy. Our setup allows to extract informa-
tion on photodepletion properties of the interfering
particles. Also photodissociation and fluorescence
can be studied since emitted particles carry which-
path-information and thus influence the visibility.

The experiment is widely applicable in the sense
that it allows working with a large class of nanopar-
ticles. It may act on atoms, molecules but also
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giant clusters as long as they can be efficiently re-
moved from the molecular beam upon photon ab-
sorption. We may thus reveal the wave nature of
highly massive nanoparticles, with masses poten-
tially up to 10°u and more, and may set new ex-
perimental bounds on collapse models [3] that sug-
gest a fundamental breakdown of quantum theory
once a certain complexity scale is reached.

Keywords: MATTER WAVES, CLUSTERS, AB-
SORPTIVE BEAM SPLITTERS
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Quantum degenerate mixtures for precision atom interferometry

N. Gaaloul, K. Posso-Trujillo, W. Ertmer, and E. Rasel

Institute of quantum optics

Leibniz university of Hanover

Welfengarten 1, 30167 Hanover, Germany

e-mail: gaaloul@iqo.uni-hannover.de

Abstract

The precision of atom interferometry-based sensors
makes them an exquisite tool for performing tests of
fundamental theories [1, 2, 3] as well as for metrol-
ogy, geodesy or inertial navigation. Two examples
of timely challenges are a precision test of the weak
equivalence principle (WEP) and the detection of
gravitational waves.

The sensitivity of an atomic inertial sensor scales
quadratically with the time spent by the atoms in-
side the interferometer and motivates the drive for
long free expansions. Several platforms are there-
fore considered for such an increase, such as drop-
towers, fountains, parabolic flights and spacecrafts.

Recently, atom interferometers (AI) fed with
single-species Bose-Einstein condensates (BEC)
were operated in these long-time regimes [4, 5] by
taking advantage of the delta-kick cooling (DKC)
technique. These demonstrations point towards a
high-accuracy WEP test when combined with a sec-
ond species in a differential atom interferometry
measurement. The source of such an interferom-
eter would naturally be a binary atomic mixture.
Although quantum mixtures of ultracold gases re-
ceived a surge of theoretical and experimental in-
terest, their description as the source of a precision
AT have not been considered to our knowledge.

In this talk, we investigate the possible experi-
mental means towards a control over the size by a
common collimation of two degenerate species with
DKC. Moreover, we analyse the different effects of
the interactions in a high-resolution AI and the
leading systematics. To illustrate our theoretical
treatment, we consider the case of three mixtures of
85Rb/8"Rb, 39K /8"Rb and *'K/%"Rb widely used
in atom interferometry measurements.
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Abstract

In recent years there has been much interest in
atom-interferometry with sensitivity greater than
the standard quantum limit (SQL). Due to the lin-
ear nature of atomic beam splitters, almost all atom
interferometers demonstrated so far operate with
uncorrelated atoms in each arm. This puts a limit
on the sensitivity of A¢ = 1/v/N, where N is the
number of detected atoms, which is commonly re-
ferred to as the standard quantum limit (SQL).

There have recently been proof-of-principle
experiments demonstrating BEC atom-
interferometry with sub-SQL sensitivity. All
of these experiments used atom-atom interactions
to create non-classical atom-atom correlations,
in order to increase the sensitivity beyond the
SQL. However, all of these schemes require large
inter-atomic interactions, small atom number, and
give little control over the motional atomic state.
These are the opposite conditions required for
precision inertial sensors based on atom interfer-
ometry: high-flux, large momentum transfer, and
weak atomic interactions.

We propose a scheme for surpassing the SQL via
a different approach. Instead of using a nonlin-
ear atomic process to create entanglement between
two atomic modes which are subsequently use as
the input to an interferometer, we use the beam-
splitting process itself to create atom-light entan-
glement. By making appropriate measurements on
the optical beam, a correction to the atomic signal
is obtained, leading to sensitivity better than the
SQL. We refer to this technique as information re-
cycling [1]. The benefit of these schemes is that it
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does not rely on atomic interactions to create the
correlations, so can operate in a dilute regime where
the detrimental effects of phase-diffusion and mul-
timode excitations due to atomic interactions will
be negligible.

We also consider several schemes involving the
use of quantum state transfer (QST) between non-
classical light and ultracold atoms. Importantly,
we consider the case of imperfect QST, and show
that by using information recycling, a significant
enhancement can be achieved even when the QST
efficiency is low [2].

Finally, we present two surprising results. The
first result is that, in some circumstances, it is bet-
ter to work in a regime of low QST efficiency, pro-
viding information recycling is implemented. The
second result is that when a Heisenberg limited
input state is used, the Heisenberg limit can be
achieved regardless of the QST efficiency and the
form of the QST coupling process, even in the pres-
ence of certain types of decoherence. This result
may have significant implications in fields outside
atom-interferometry, such as cavity-based optical
interferometry.

Keywords: QUANTUM SQUEEZING, ATOM
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Quantum sensors for space — a case study
HESKE ASTRID

For fundamental physics experiments, space missions offer a number of advantages
compared to ground-based laboratory settings, to name a few: the zero-g
environment; large variations of the gravitational potential and large velocity
variations; a well-controlled micro vibration environment.

Designing an instrument to fly on a satellite requires specific attention to a number
of aspects, which are inherent to space missions: radiation environment,
accommodation on the spacecraft, instrument autonomy and operability, reliability
and redundancy, model philosophy, qualification and validation.

Based on a model mission - probing different aspects of the Einstein Equivalence
Principle with dual species cold atom interferometry and atomic clock comparisons
- the flow-down starting from the science requirements and instrument needs to
the mission definition will be presented, including details of spacecraft design and
instrument accommodation, in-orbit operations and instrument calibration aspects.

Examples of trade-offs during the iterative process of maximizing the science return
while optimizing the instrument as well as the spacecraft and mission design will be
highlighted.
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Precision Inertial Sensing Using Atom
Interferometry

Mark Kasevich

Dept. of Physics and Applied Physics
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kasevich@stanford.edu

Recent advances in atom optics and atom interferometry have enabled observation
of atomic de Broglie wave interference when atomic wavepackets are separated by
distances approaching 10 cm and times of nearly 3 seconds. With further
refinements, these methods may lead to meter- scale superpositions. In addition to
providing new tests of quantum mechanics, these methods allow inertial force
sensors of unprecedented sensitivity. We will describe methods demonstrated and
results obtained in a 10 m atomic fountain configuration, their implications for
technological applications in geodesy and inertial navigation, and their relevance to
fundamental studies in gravitational physics. We will describe supporting
techniques used to cool atoms to effective temperatures below 50 pK in two
dimensions and novel atom optics configurations which have achieved greater than
5 sec of quasi-inertial free fall. Finally, we will discuss the prospects of incorporating
spin-squeezing methods to improve interferometer signal-to-noise.
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Detecting multiparticle entanglement of Dicke states
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Abstract

Spin dynamics in Bose-Einstein condensates al-
lows for the generation of entangled states of
neutral atoms.

These states can be created in specific spatial
modes by exploiting magnetic-field dependent
spin dynamics resonances. We prove entangle-
ment by measuring an interferometric sensitiv-
ity beyond the standard quantum limit.

In our most recent work [1], we present a novel
criterion for estimating the amount of entangle-
ment based on a measurement of the total spin.
We show that the created state is similar to a
Dicke state with up to 8000 atoms. Our crite-
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rion proves that our state contains at least gen-
uine 28-particle entanglement. Additionally,
we infer a generalized squeezing parameter of
—11.4(5) dB.

Keywords: MANY-PARTICLE ENTANGLE-
MENT, SPINOR BOSE-EINSTEIN CON-
DENSATE, QUANTUM INTERFEROME-
TRY
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Abstract

We analyze theoretically and experimentally [1] the
existence of a magic frequency for which the ab-
sorption of a linearly polarized light beam by a va-
por of alkali-metal atoms is independent of the pop-
ulation distribution among the Zeeman sublevels
and the angle between the beam and an external
magnetic eld, which defines the quantization axis.
From a fundamental point of view, the magic fre-
quency represents a unique cancellation of the con-
tributions of higher moments of the atomic density
matrix to light absorption, so that light-matter in-
teraction becomes rotationally invariant although
the atomic sample as well as the light beam and its
polarization all have a well-dened direction. The
phenomenon is described using the Wigner-Eckart
theorem and inherent properties of Clebsch-Gordan
coefcients. One important application is the robust
measurement of the hyperne population pY. We ex-
perimentally demonstrate the magic frequency on
an ensemble of rubidium atoms inside a vapor cell.
http://www.bgu.ac.il/atomchip/
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See also the APS synopsis.
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Symmetry Breaking and Topological Defect Formation
in Ion Coulomb Crystals

Tanja E. Mehlstaubler
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Structural defects in ion Coulomb crystals (kinks) have been proposed for studies of quantum-
mechanical effects with solitons and as carriers of quantum information [1]. Defects form
when a symmetry breaking phase transition is crossed and the finite speed of information
prevents different regions from coordinating the choice of the symmetry broken state. Where
such local choices are incompatible, defects will form with densities predicted to follow a
power law scaling in the rate of the transition. The importance of this Kibble-Zurek
mechanism (KZM) ranges from cosmology to condensed matter [2]. In previous tests in
homogeneous systems, defect formation was seen, but weak dependence on the transition rate
and limited control of external parameters so far prevented tests of KZM scaling. As recently
predicted [3], in inhomogeneous systems propagation of the critical front enhances the role of
causality and steepens scaling of defect density with the transition rate. We use ion Coulomb
crystals in a harmonic trap to demonstrate, for the first time, scaling of the number of
topological defects with the transition rate — the central prediction of KZM - in a well-
controlled environment [4]. We will detail on kink dynamics [5] and stability in our system.
Implementing mass defects and electric fields we demonstrate first steps to a controlled kink
preparation and manipulation for future studies of nonlinear physics in ion Coulomb crystals.
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Dynamics in one-dimensional chains of bosons
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Abstract

Ultracold atoms are an ideal setting to study non-
equilibrium quantum many-body dynamics in a
very controlled way. I will present a series of exper-
iments in the context of strongly correlated atomic
bosons in one-dimensional geometry. Specifically,
we study the dynamics of one-dimensional chains
after a sudden quench of the systems Hamiltonian,
for which we independently control J, the (coher-
ent) tunneling rate, U, the strength of the interac-
tion, and F, a tilt along the longitudinal direction
of the chains. For a quench to U =~ E we cou-
ple to nearest neighbors collectively and observe
characteristic oscillations in the number of double
occupancies that we analyze in the many-body con-
text [1]. For U/2 =~ E, U/3 =~ E etc. we observe
collective long-range quantum tunneling to next-
nearest neighbors and beyond. In particular, for
U/3 = E we observe dynamics due to the higher-
order super-exchange interaction scaling as J3/U?
[2]. For J =~ U < E we observe interaction-induced
quantum phase revivals, and for J ~ U ~ E we find
evidence for the transition to the quantum chaotic
regime [3]. If time allows, I will give an outlook on
our endeavor to realize ultracold bosonic molecular
systems with “real” long-range interactions [4]

Keywords: Quantum quenches, one-dimensional
bosons, quantum tunneling
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Abstract

Recent and ongoing endeavors of testing the quan-
tum mechanical superposition principle at increas-
ingly macroscopic scales point to the need for an
objective measure of the degree of macroscopicity
reached in such experiments. We show that a nat-
ural and unique measure can be obtained by using
objective collapse theories as a yardstick [1]. This
allows one to assess the physical relevance of dis-
parate quantum tests ranging from ring current su-
perpositions to micromechanical oscillators.

Keywords: Quantum Foundations, Collapse theo-
ries, Macroscopicity, Quantum-Classical Transition
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Useful Entanglement in Quantum Metrology

Entanglement is the key quantum resource for improving
measurement sensitivity beyond classical limits. Yet, not all
entangled states are equally useful for metrological purposes: the
“useful” ones are those, and only those, which have a Fisher
information larger than the number of particles (or qubits) [1,2]. It
is thus clear that devising model-independent theoretical tools to
guide the experimental extraction of the Fisher information is of
crucial interest in quantum metrology. In this talk I will review the
theory and discuss a recent experiment with Bose-Einstein
condensates of a large number of atoms [3] where the Fisher
information has been obtained via particle counting and without
access to the full density matrix. I will finally illustrate the creation
and detection of useful entanglement in Rydberg atoms systems

[4].
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Abstract

Absolute and relative gravimeters are used to ob-
serve gravity and its time dependent changes due
to mass variations caused by a variety of environ-
mental effects. State of the art spring and free-fall
instruments are sometimes limited, e.g., in mobility
or by instrumental effects. The most precise instru-
ments cannot be transported easily and the most
mobile instruments are affected by drift overlaying
the small gravity changes important for geodesy and
hydrology.

A completely new type of gravimeter based on
atom interferometry will enable absolute and drift-
free continuous gravity data acquisition with high
precision. The Gravimetric Atom Interferometer
GAIN is a mobile gravimeter based on interfering
ensembles of laser cooled 8’Rb atoms in an atomic
fountain configuration. It is specifically designed
to perform high precision gravity measurements at
different sites of interest.

We present our recent measurements, including
the comparisons with the state-of-the-art spring
gravimeter, a falling corner cube gravimeter, and
a super-conducting relative gravimeter. The lat-
ter comparison is conducted at the geodetic obser-
vatory in Wettzell to demonstrate the robustness
and mobility of our gravimeter. A sensitivity of
1.2 x 1078 g/v/Hz is achieved and no drift over a
period of 10 days is observed. We give an overview of
the main systematic effects including a new method
capable of overcoming the limitation caused by wave-
front aberrations to reach a targeted accuracy of
5x10719¢.
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Figure 1: The atom interferometry sequence consists
of three pulses to perform splitting, inversion, and
recombination of the atoms. After the final pulse,
the relative population of the states is detected.
It depends on the accumulated phase difference
A® between the two matter wave packets in the
interferometer region and is proportional to the
gravitational acceleration g.
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prospects for applications
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A class of states directly useful for metrology are spin squeezed states. Recently such states have
been obtained using controlled interactions in condensates with two internal states [1, 2], thus real-
izing the ideas proposed in [3, 4, 5]. In order to determine the actual potentialities of this squeezing
scheme, a crucial question is the maximum metrology gain achievable and its scaling with the atom
number. We shall attack this problem by including both the effect of decoherence due to particle
losses [6] and the effect of thermal excitations [7, 8, 9]. In the end of the talk I will try to draw a
conclusion about this path to spin squeezing and imagine prospects for applications.

References

[1] C. Gross, T. Zibold, E. Nicklas, J. Esteve, M.K. Oberthaler, Nature 464, 1165 (2010).

[2] ML.F Riedel, P. Bohi, Li Yun, T.W. Hiénsch, A. Sinatra, P. Treutlein, Nature 464, 1170 (2010).

[3] M. Kitagawa and M. Masahiro Ueda, Phys. Rev. A 47, 5138 (1993).

[4] A. Sorensen, L.M. Duan, J.I. Cirac, P. Zoller, Nature 409, 6816 (2001).

[5] Yun Li, P. Treutlein, J. Reichel and A. Sinatra, Eur. Phys. J. B 68, 365381 (2009).

[6] Li Yun, Y. Castin, A. Sinatra Phys. Rev. Lett. 100, 210401 (2008).

[7]1 A. Sinatra, E. Witkowska, J.-C. Dornstetter, Li Yun, Y. Castin, Phys. Rev. Lett. 107, 060404 (2011).
[8] A. Sinatra, E. Witkowska, Y. Castin, Eur. Phys. J. ST (Special Topics) 203, 87 (2012).

[9] A. Sinatra, Y. Castin and E. Witkowska, Europhysics Letters. 102, 40001 (2013).

26



FOMO-2014
Crete 06.0ct. — 10.0ct. 2014

Augusto Smerzi
European Laboratory for Non-Linear Spectroscopy
Florence, Italy

Theory of entanglement-enhanced
phase estimation

Advancements in physics are often motivated/accompanied
by advancements in our precision measurements abilities.
The current generation of atomic and optical interferometers
are limited by shot-noise, a fundamental Ilimit when
estimating a phase shift with classical light or uncorrelated
atoms. In the last years, it has been clarified that the
creation of special quantum correlations among the
particles, which will be called here “useful entanglement”,
can strongly enhance the interferometric sensitivity. Pioneer
experiments have already demonstrated the basic principles.
We are probably at the verge of a second quantum
revolution where Quantum Mechanics of many-body systems
is exploited to overcome the Ilim- itation of classical
technologies. This course will illustrate the deep connection
between entanglement and sub shot-noise sensitivity.
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Abstract

Neutron interferometry [1], where an interference
effect of matter-waves passing through a per-
fect silicon-crystal interferometer is observed, and
neutron polarimetry (also referred to as spin-
interferometry) have established as a powerful tool
for investigation of fundamental quantum mechan-
ical concepts using massive particles. The former
technique enabled several textbook experiments,
such as demonstrations of 47 spinor symmetry of
spin-1/2 particles, spin superposition, gravitation-
ally induced phase and topological phase effect, as
well as studies of characteristics of intra-partite
entanglement, i.e., entanglements between differ-
ent degrees of freedom. The latter was utilized
for demonstration of anti-commuting properties of
Pauli spin matrices, topological phase measure-
ments, and tests of alternative theories of quantum
mechanics [2].

Recently, Heisenberg’s error-disturbance uncer-
tainty relation has been studied in neutronic and
also photonic quantum systems. In 2003 Ozawa
introduced a generalized universally valid ererror-
disturbance uncertainty relation (EDR) [3]. In my
talk, I am going to give an overview of our neu-
tron optical approaches for investigation of error-
disturbance uncertainty relation via a successive
measurement of incompatible neutron spin observ-
ables (e.g. A = 6, and B = §,) [4]. The dis-
turbance n(B) on the observable B is induced by
the measurement of the observable A with error
e(A). Though universally valid Ozawa’s relations
is not optimal. Recently, Branciard [5] has derived
a tight EDR, describing the optimal trade-off rela-
tion between error €(A) and disturbance 7(B). Our
experimental results clearly demonstrat the valid-
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ity of Ozawa’s and Branciard’s EDRs and that the
original Heisenberg EDR is violated throughout a
wide range of experimental parameters.

In addition, a new counter-intuitive phe-
nomenon, the so-called quantum Cheshire Cat [6],
is demonstrated in an neutron interferometric ex-
periment: If a quantum system is subject to a cer-
tain pre- and postselection, it can behave as if a
particle and its property are spatially separated. In
our experiment weak values of the neutron’s path
and spin are determined, suggesting that for the
successfully postselected ensemble the neutrons go
through one beam path of the interferometer, while
their spin travels along the other [7].
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Fisher-Information and entanglement of
non-Gaussian spin states

One major area of quantum technologies is metrology, where entangled input states are
employed to enhance the performance of interferometers. For the particularly attractive
system of Bose-Einstein condensed clouds, squeezed states have been produced, which
improve measurement sensitivity by reducing the fluctuations of the observable. Metrological
sensitivity beyond spin squeezing can be obtained with non-Gaussian states, which require
scalable methods for creation and verification in mesoscopic ensembles. We report on the
generation of non-Gaussian spin states via unstable fixed point dynamics and a general
method to extract the Fisher information, which reveals quantum states that are not spin
squeezed but nevertheless entangled. Fisher information is at the same time the key parameter
that quantifies achievable phase sensitivity, which we confirm by the implementation of a
Bayesian estimation protocol surpassing the standard quantum limit in accordance with the
extracted Fisher information. We also present recent experimental results demonstrating that
atomic squeezing generated via nonlinear dynamics can be scaled to large ensembles by
employing suitable spatial traps. We show the applicability for quantum enhanced
magnetometry by swapping the squeezed state to magnetically sensitive hyperfine levels
featuring negligible nonlinearity and find a quantum-enhanced single-shot sensitivity of
310(47) pT for DC magnetic fields in a volume as small as 90 um?.
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