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Quantum simulations with ultracold bosons and fermions

Wolfgang Ketterle1

Research Laboratory for Electronics, MIT-Harvard Center for Ultracold Atoms, and Department of Physics, 

Massachusetts Institute of Technology, Cambridge, USA  

ketterle@mit.edu

I will summarize recent work at MIT on quantum simulations.  A two-component systems of bosons in optical 
lattices can realize spin Hamiltonians.  We present Bragg scattering of light as a detection method for magnetic 
phases, analogous to neutron scattering in condensed matter systems.  A two-component Fermi gas with repulsive 
interactions, described by the so-called Stoner model, was predicted to undergo a phase transition to a ferromag-
netic phase.  We show that the phase transition is preempted by pair formation.  Therefore, the Stoner model is an 
idealization not realized in Nature, since the paired state cannot be neglected.
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Anderson localization of ultra-cold atoms

Alain Aspect 

Laboratoire Charles Fabry, Institut d’Optique/CNRS/Université Paris-Sud, Palaiseau, France  
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-
pected to exist in wave physics. It has been realized in recent years that ultra-cold atoms offer remarkable possibili-
ties to observe experimentally Anderson localization [1], After presenting my naïve understanding of that fascinat-
ing problem, I will present some experimental results [2], and argue that ultra-cold atoms in a disordered potential 
can be considered a quantum simulator that should allow experimentalists to answer open theoretical questions.

References 
[1] A. Aspect and M. Inguscio, Anderson localization of ultracold atoms, Physics Today 62 (2009) 30, and references in.
[2] F. Jendrzejewski, A. Bernard, K. Muller, P. Cheinet, V. Josse, M. Piraud, L. Pezze, L. Sanchez-Palencia, A. Aspect, and 
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398, and references in.
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“circuits” of ultra-cold atoms
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-

created a long-lived persistent current in a toroidal-shaped Bose-Einstein Condensate, and studied the behavior of 
the current in the presence of both stationary and rotating weak links. A repulsive optical barrier across one side 
of the torus creates the tunable weak link in the condensate circuit and can be used to control the current around 

velocity exceeds a critical velocity [1]. With arotating weak link, at low rotation rates, we have observed phase 

where vortices penetrate the bulk of the condensate. These results demonstrate an important step toward realizing 
an atomic SQUID analog. 

Reference
[1]  A. Ramanathan, K. C. Wright, S. R. Muniz, M. Zelan, W. T. Hill III, C. J. Lobb, K. Helmerson,W. D. Phillips, G. K. Campbell, 

, Phys. Rev. Lett 106, 130401 
(2011). 
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The inherent density inhomogeneity of a trapped gas can complicate interpretation of experiments and can 
wash out sharp features. This is especially important for a Fermi gas, where interaction effects as well as the local 
Fermi energy, or Fermi momentum, depend on the density.  We report on experiments that use optical pumping with 
shaped light beams to spatially select the center part of a trapped gas for probing.  This technique is compatible with 
momentum-resolved measurements, and for a weakly interacting Fermi gas of 40K atoms, we present measurements 

a strongly interacting Fermi gas at the Feshbach resonance, where we probe Tan’s contact locally in the trapped 
gas. Unlike the trap-averaged case, predictions for the homogeneous contact differ substantially around the critical 
temperature for different many-body theories of the BCS-BEC crossover. 
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Strongly interacting gases of ultracold fermions have become an amazingly rich test-bed for many-body theo-
ries of fermionic matter. I will present high-precision measurements on the thermodynamics of a strongly interact-

-
ibility, the chemical potential, the entropy, and the heat capacity. Our measurements provide benchmarks for current 
many-body theories on strongly interacting fermions. Novel topological phases of matter are predicted for fermi-

Fermi gas [2]. For energies within the spin-orbit gap, the system acts as a spin diode. To fully inhibit transport, we 
create a spin-orbit coupled lattice with spinful band structure. In the presence of s-wave interactions, such systems 

References 

Universal Thermodynamics of a Unitary Fermi Gas”, Science 335, 563 (2012).
[2] Lawrence W. Cheuk, Ariel T. Sommer, Zoran Hadzibabic, Tarik Yefsah, Waseem S. Bakr, Martin W. Zwierlein, „Spin-Injection 

Ultracold Fermi gases Invited Talk 

B. Rem, A. Grier, I. Ferrier-Barbut, U. Eismann, A. Bergschneider, T. Langen,  
N. Navon, S. Nascimbène, F. Chevy, and C. Salomon*

 

supérieure, 24 rue Lhomond, 75231, Paris, France  

*salomon@lkb.ens.fr 

Ultracold dilute atomic gases can be considered as model systems to address some pending problem in Many-
Body physics that occur in condensed matter systems, nuclear physics, and astrophysics. We have developed a 
general method to probe with high precision the thermodynamics of locally homogeneous ultracold Bose and Fermi 

6Li), we will show that the gas thermody-
namic properties can continuously change from those of weakly interacting Cooper pairs described by Bardeen-
Cooper-Schrieffer theory to those of strongly bound molecules undergoing Bose-Einstein condensation. A detailed 
comparison with theories including recent Monte-Carlo calculations will be presented. Moving away from the uni-

three-body recombination rate of a unitary Bose gas as a function of temperature. 

References 
[1]  S. Nascimbène, N. Navon, K. Jiang, F. Chevy, and C. Salomon, Nature 463, 1057 (2010). 
[2]  N. Navon, S. Nascimbène, F. Chevy, and C. Salomon, Science 328, 729 (2010). 
[3]  S. Nascimbène et al., Phys. Rev. Lett. 106, 215303 (2011). 
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The electric dipole moment of the electron

E. A. Hinds*, J. J. Hudson, D. M. Kara, I. J. Smallman,  
J. Devlin, M. R. Tarbutt, and B. E. Sauer 

 

*ed.hinds@imperial.ac.uk 

According to the standard model of elementary particle physics, the electric dipole moment (EDM) of the elec-
tron is de  10–38 e.cm - currently far too small to observe. However, most extensions to the standard model predict 
much larger values, potentially accessible to measurement [1]. Hence, the search for the electron EDM is a search 
for physics beyond the standard model. In particular, the electron EDM is sensitive to new interactions that violate 
CP symmetry. It is considered that such interactions must be present in nature since the observed universe exhibits 
a strong excess of matter over antimatter [2]. I will survey the current status of ongoing experiments to measure the 
electron EDM, with particular emphasison the YbF experiment [3], which provides the most accurate measurement 
at present. I will also discuss prospects for further major improvements in sensitivity through the laser cooling of 
suitable molecules.

References 
[1]  E. D. Commins, Electric dipole moments of leptons, Adv. At., Mol., Opt. Phys., 40, 1-56 (1999). 
[2]  A. D. Sakharov, Violation of CP invariance, C asymmetry, and baryon asymmetry of the universe, JETP, 5, 24 (1967), 

republished as Sov. Phys. Usp.34, 392 (1991). 
[3]  J. J. Hudson, D. M. Kara, I. J. Smallman, B. E. Sauer, M. R. Tarbutt, E. A. Hinds, Improved measurement of the shape of the 

electron, Nature, 473, 493 (2011). 

 Invited Talk Fundamental atomic tests…

J. S. Hangst

Department of Physics and Astronomy, Aarhus University, and Spokesperson, the ALPHA collaboration at CERN  

jeffrey.hangst@cern.ch 

Antihydrogen, the bound state of an antiproton and a positron, can be used as a test-bed of fundamental sym-
metries. In particular, the CPT Theorem requires that hydrogen and antihydrogen have the same spectrum. The 
current experimental precision of measurements of hydrogen transition frequencies approaches one part in 1014. 
Similarly precise antihydrogen spectroscopy would constitute a unique, model-independent test of CPT symme-
try. Antihydrogen atoms have been produced in quantity at CERN since 2002, when the ATHENA collaboration 
demonstrated [1] how to mix cryogenic plasmas of antiprotons and positrons to produce low energy anti-atoms. In 

-
gen atoms in a magnetic multipole trap. The atoms must be produced with an energy - in temperature units - of less 
than 0.5 K in order to be trapped. Subsequently, we have shown that trapped antihydrogen can be stored [3] for up 

many developments necessary to realise trapped antihydrogen, and I will take a look at the future of antihydrogen 
physics at CERN.

References
[1] Amoretti, M. et al., Nature 419, 456 (2002).
[2] Andresen, G. B. et al., Trapped Antihydrogen, Nature, 468, 673 (2010).
[3] Andresen, G. B. et al. Nature Physics 7, 558 (2011).
[4] Amole, C. et al., Nature 483, 439 (2012). 
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V. V. Flambaum

 

I present a review of recent results on a search for space-time variation of the fundamental constants. New 

allows humans (and any life) to appear. We appeared in the area of the Universe where the values of the fundamen-
tal constants are consistent with our existence. There is an agreement between the results obtained using different 
telescopes and different redshifts. Also, now there are no contradictions between the results obtained by different 
groups. These astrophysical results may be used to predict the variation effects for atomic clocks. The effects 
(which appear due to Sun and Earth motions) are very small and require improvement of the clock accuracy by 1-2 
orders of magnitude. The improvement of the clock sensitivity may be achieved using 229Th nuclear clocks where 
expected accuracy of the frequency measurement is 10–19 and the effect of the variation is enhanced by 4-5 orders 
of magnitude. A comparable accuracy of the frequency measurements may be also achieved in highly charged ions 
where the effects of the variation are enhanced by an order of magnitude. We found a number of allowed E1 and 
narrow higher multipolarity clock transitions in such ions. The frequencies are in the laser range due to the con-

clocks can also be used to measure possible dependence of the fundamental constants on environment (e.g. density 
of matter) and gravity. 

Precision measurements… Invited Talk 

Jun Ye 

I will present our latest advances in a Sr optical atomic clock where we have achieved measurement precision 
of 1 × 10–17 fractional frequency at a measurement time of 1000 s. This unprecedented spectroscopic capability has 
allowed us to characterize density-related systematic uncertainty below 1 × 10–18. It has also enabled us to explore 
many-body quantum dynamics where seemingly weak atomic interactions give rise to correlated states.
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Roman Schnabel

Institut für Gravitationsphysik, Leibniz Universität Hannover, Max-Planck-Institut für Gravitationsphysik (Albert-

Einstein-Institut), Hannover, Germany 

roman.schnabel@aei.mpg.de 

Current gravitational wave (GW) detectors are Michelson-type kilometre-scale laser interferometers measuring 
the distance changes between in vacuum suspended mirrors. The sensitivity of these detectors at frequencies above 

technology - the injection of squeezed light [1] - offers a solution to this problem. This talk will review recent prog-
ress on the generation of squeezed light, and also the recent squeezed-light enhancement of GEO600 [2], which will 

GEO600 now operates with its best ever sensitivity, which proves the usefulness of quantum entanglement and the 

References 
[1] C. M. Caves, “Quantum-mechanical noise in an interferometer”, Phys. Rev. D 23, pp. 1693-1708 (1981).

Nature Physics 7, pp. 962-965 (2011).
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Interrogation and manipulation of atomic and molecular transitions for challenging experiments put increas-
ingly demanding constraints on sources, detectors and techniques. Key parameters like continuous coverage of 

techniques have the power to disclose new avenues for frontier research and, subsequently, change our way and 
quality of life. I will give an overview of recent results aiming at a study of new infrared sources and spectroscopic 
techniques, obtained at INO-CNR and LENS [1]. Applications to molecules [2] and atoms [3] will be shown. 

References 

107, 270802 (2011).
[3] P. Cancio Pastor et al., “Frequency Metrology of Helium around 1083 nm and Determination of the Nuclear Charge Radius”, 

Phys. Rev. Lett. 108, 143001 (2012).
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Quantum networks of atoms

Christopher Monroe
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monroe@umd.edu

Trapped atomic ions are standards for quantum information processing, with each atom storing a quantum bit 
(qubit) of information in appropriate internal electronic states.  The Coulomb interaction mediates entangling quan-
tum gate operations through the collective motion of the ion crystal, which can be driven through state-dependent 
optical dipole forces.  Scaling to larger numbers of trapped ion qubits can be accomplished by either physically 
shuttling the individual atoms through advanced microfabricated ion trap structures or alternatively by mapping 
atomic qubits onto photons for the entanglement over remote distances.  Such a quantum network will impact 
quantum information processing, quantum simulation of models from condensed matter, quantum communication, 
and the quest for building ever larger entangled quantum states and perhaps entangling atoms with other physical 
platforms such as quantum dots or macroscopic mechanical systems.  Work on these fronts will be reported, in-
cluding quantum simulations of magnetism with N=16 atomic qubits and the uses of entanglement of matter over 
macroscopic distances.
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Recently, small strings of ultra-cold trapped ions have been used to precisely simulate and calculate proper-

strings can be manipulated to simulate any other quantum system, using a stroboscopic combination of quantum 
logic gates. A key challenge now is to scale up simulation size and complexity, to a level where new insights into 
many-body quantum phenomena are possible. I will discuss our plans to perform simulations using long ion strings 
and generate large-amounts of non-classical correlations which cannot be represented classically. 

Reference 
[1]  B. P. Lanyon et al, Universal digital quantum simulation. Science, 334, pp. 57–61, (2011).
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Stefan Kuhr1,2

 

2. Max-Planck-Institut für Quantenoptik, Hans-Kopfermann-Str 1, 85748 Garching, Germany  

stefan.kuhr@strath.ac.uk 

The Heisenberg model is fundamental to quantum magnetism, as it describes properties of many materials such 
as transition metal oxides and cuprate superconductors. Mobile spin impurities are unique probes of its physics but 

for these phenomena, in particular the novel techniques for single-atom imaging [1] and single-spin addressing [2] 
with a high-resolution optical microscope. Using this technique we have prepared a single spin impurity in a one-di-
mensional Mott insulator and have directly observed its coherent quantum dynamics. We measured its propagation 

with analytical and numerical predictions. We also used the high-resolution imaging technique for in-situ detection 
of individual Rydberg excitations in a 2D atomic Mott insulator, and we could directly observe Rydberg blockade 
and crystalline states of the excitations. 

References 
[1]  W. Bakr et al., A quantum gas microscope for detecting single atoms in a Hubbard-regime optical lattice, Nature , 74 (2009); 

467, 68 (2010). 
[2]  C. Weitenberg et al., Single-spin addressing in an atomic Mott insulator, Nature 471, 319 (2011). 
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Measurement of a non-zero electric dipole moment (EDM) of the electron within a few orders of magnitude of 
the current best limit [1] of |de|<1.05*10-27 e*cm would be an indication of CP violation beyond the Standard Model. 
The ACME Collaboration is searching for an electron EDM by performing a precision measurement of electron 
spin precession signals from the metastable H 3

1 state of thorium monoxide (ThO), using a cold and slow beam. 
We discuss the current status of the experiment. Based on a data set acquired from 14 hours of running time over 

e=1*10-28

running time in days.

Reference 
[1] J. J. Hudson et al., “Improved measurement of the shape of the electron.” Nature 473, 493 (2011).
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Accurate molecular spectroscopy in the mid-infrared region allows precision measurements of fundamental 
constants. For instance, measuring the linewidth of an isolated Doppler-broadened absorption line of ammonia 

k  [1]. We report on our latest measurements. By 

k  with an uncertainty of a few ppm is reachable [2]. This is comparable to the current 
k  

determined by the CODATA. Furthermore, having multiple independent measurements at these accuracies opens 
k

International System of Units (SI). 

References 
[1]  C. Lemarchand et al., Progress towards an accurate determination of the Boltzmann constant by Doppler spectroscopy, New 

J. Phys. 13, 073028 (2011). 
[2]  M. Triki et al., Evidence for speed-dependent effects in NH3
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We have measured the absolute frequency of the 1557-nm doubly forbidden transition between the two meta-
stable states of helium, 2 3S1 (lifetime 8000 s) and 2 1S0 (lifetime 20 ms), with 1 kHz precision [1].With an Einstein 

-7 s-1 this is one of weakest optical transitions ever measured. The measurement was performed in 
a Bose-Einstein condensate of 4He* as well as in a Degenerate Fermi Gas of 3He*, trapped in a crossed dipole trap. 

3 3P transition [2].  

References 
[1] R. van Rooij, J. S. Borbely, J. Simonet, M. D. Hoogerland, K. S. E. Eikema, R. A. Roozendaal, W. Vassen, “Frequency 

3S1
1S0 transition”, Science 333, 196 (2011). 

[2] P. Cancio Pastor, L. Consolino, G. Giusfredi, P. De Natale, M. Inguscio, V. A. Yerokhin, K. Pachucki, “Frequency metrology 
of helium around 1083 nm and determination of the nuclear charge radius”, Phys. Rev. Lett. 108, 143001 (2012).
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Cavity Quantum Electrodynamics (CQED) deals with the strong coupling of atoms with quantized radiation 
-

rying Rydberg atoms to a very high Q superconducting cavity. With this system fundamental tests of quantum 
physics have been realized and basic quantum information procedures demonstrated. Microwave CQED has been 

superconducting Josephson junctions interact with high-Q coaxial radiofrequency resonators. These systems, based 
on well-developed solid state technology, are very promising for quantum information science. Atomic CQED 
and“Circuit-QED” bear strong similarities and also present some marked differences which will be illustrated by 
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Quantum physics allows a new approach to information processing. A grand challenge is the realization of 
a quantum network for long-distance quantum communication and large-scale quantum simulation [1]. The talk 

resonators, each containing a single quasi-permanently trapped atom as a stationary quantum node [2]. Reversible 
quantum state transfer between the two atoms and entanglement of the two atoms are achieved by the controlled 

perspective for scalability. It allows for arbitrary topologies and features controlled connectivity as well as, in prin-

is an ideal test bed for fundamental investigations, e.g. quantum nonlocality. 

References 
[1] J. I. Cirac et al., “Quantum state transfer and entanglement distribution among distant nodes in a quantum network”, Phys. 

Rev. Lett. 78, pp. 3221-3224 (1997). 
[2] S. Ritter et al., “An Elementary Quantum Network of Single Atoms in Optical Cavities”, Nature 484, pp. 195-200 (2012). 
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Quantum dots (QDs) in photonic crystal (PC) cavities are interesting both as a test-bed for fundamental studies 
of quantum optics and cavity QED, as well as a platform for classical and quantum information processing. Name-

10-25GHz). We have employed a platform consisting of a single self-assembled InAs QD in a GaAs PC cavity to 
study quantum optics and cavity QED. We have also probed ultrafast dynamics and strong optical nonlinearity that 
occur in the strong coupling regime, and employed them to achieve controlled amplitude and phase shifts between 
two optical beams at the single photon level and at the 25GHz speed. We have also probed the ladder of dressed 
states of the strongly coupled QD-cavity system and studied the regimes of photon blockade and photon induced 
tunneling, as well as nonclassical light generation enabled by this ladder. Finally, we have demonstrated strong 
coupling between a single quantum dot and a photonic molecule consisting of two coupled PC cavities, which is 
useful for nonclassical light generation and potentially even quantum simulation.  

Quantum Hot topic 

M. Hosseini, B. M. Sparkes, G. T. Campbell, D. Higginbottom,   
O. Pinel, M. Rancic, B. C. Buchler, and P. K. Lam 

Centre for Quantum Computation and Communication Technology, Department of Quantum Science  

The Australian National University, Canberra, ACT0200, Australia

-
mation on demand. Our scheme is based on the controlled reversible inhomogeneous broadening (CRIB) mecha-

a linear atomic detuning in the propagation direction, the gradient echo memory (GEM) has been shown to be 
k-space polaritons to describe the dynamics of multiple 

pulse storage in GEM. We show experimental results of the GEM system implemented using warm Rb vapour cell. 

multiple pulse storage, spectral manipulation, image storage and a quantum characterization of the noise properties 
of GEM. 

References 

Phys. Rev. A 73, 020302(R) (2006). 
[2]  G. Hétet et al. Electro-optic quantum memory for light using two-level atoms, Phys. Rev. Lett. 100, 023601 (2008); M. 

Hosseini et al. Coherent optical pulse sequencer for quantum applications, Nature 461
quantum memory for light Nature 465
rubidium vapour Nature Commun. 7 794 (2011). 
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in an optical lattice. A suitable periodic shaking of the lattice allows to engineer a Peierls phase for the hopping 
parameters. This schemethus allows one to address the atomic internal degrees of freedom independently. We 

superfuids at arbitrary non-zero quasi-momentum [1]. 
-

observed for a 
breaking perturbation. 

References 

[2]  J. Struck et al., Science 333, 996 (2011). 
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We will describe a recently demonstrated cold-atom Raman laser that operates deep into the superradiant or 
bad-cavity regime [1]. The system operates with <1 intracavity photon and with an effective excited state decay 
linewidth <1 Hz.  This model system demonstrates key physics for future active optical clocks (similar to masers) 
that may achieve frequency linewidths approaching 1 mHz due to 3 to 5 orders of magnitude reduced sensitivity to 
thermal mirror noise.  The measured linewidth of our model system demonstrates that the superradiant laser’s fre-
quency linewidth may be below the single particle dephasing and natural linewidths, greatly relaxing experimental 

the collective atomic phase with a precision that in-principle can be near the standard quantum limit.  The possibili-

Reference 
[1] Justin G. Bohnet, Zilong Chen, Joshua M. Weiner, Dominic Meiser, Murray J. Holland, and James K. Thompson, “A steady-

state superradiant laser with less than one intracavity photon”, Nature 484, pp. 78-81 (2012). 
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We demonstrate quantum-limited interaction-based measurement [1], in which interactions among probe par-
ticles are responsible for the observed signal [2]. This approach differs from squeezing-based quantum metrology 
in that 1) it does not require entanglement and 2) its sensitivity can improve faster than the usual Heisenberg limit 

 ∝ N–1. We produce interactions between the N = 105 – 108 photons in a 50 ns optical pulse by passing them 
through acold atomic ensemble in an optical dipole trap. The photons experience non-linear Faraday rotation in 
proportion to the collective spin F of the ensemble, providing a sensitivity  ∝ N , observed over two orders of 
magnitude in N. 

References 
[1]  M. Napolitano, M. Koschorreck, B. Dubost, N. Behbood, R. J. Sewell, and M. W. Mitchell, Interaction-based quantum 

metrology showing scaling beyond the Heisenberg limit, Nature 471, 486–489 (2011). 

Entanglement, Phys. Rev. Lett. 101, 040403 (2008). 
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Ultracold quantum gases in optical lattices offer a highly controlled setting to investigate quantum matter un-

Higg’s type particle in the excitation spectrum. We show the existence of such a Higgs mode in a two-dimensional 

strengths reached in our experiment correspond to several thousands of Tesla that would have to applied to real 

of thermodynamically stable negative temperature states for matter and discuss prospects to reach Bose-Einstein 
condensation at negative temperatures.
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Interactions between particles can be strongly altered by their environment. Here we demonstrate a tech-
nique for modifying interactions between ultracold atoms by dressing the bare atomic states with light, creating a 
screened interaction of vastly increased range that scatters states of higher angular momentum at collision energies 
where only s-wave scattering would normally be expected. We optically dressed two neutral atomic Bose-Einstein 
condensates with a pair of lasers – linking together threedifferent internal atomic states – and then collided these 
condensates with the equal, and opposite, momenta of just two optical photons per atom. In agreement with our 
theoretical model, the usual s-wave distribution of scattered atomswas altered by the appearance of d- and g-wave 
contributions [1]. 

Reference 
[1]  R. A. Williams et al, , Science 355, pp. 314-317 (2012). 
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quantum transport through lattices with an engineered and well controlled phononic bath, for example allowing 
the realization of non-markovian impurity-bath couplings; and (ii) measurement of optical lattice gas properties 
through impurity measurements, for instance to distinguish different phases of the background gas. Finally, we 

is shown how dephasing and incoherent couplings between spin chains can improve spin transport. We discuss how 
such setups could be simulated with optical lattices and hence provide important insights, for instance into exciton 
transport through conjugate polymers.

Reference 
[1] T. H. Johnson, S. R. Clark, M. Bruderer and D. Jaksch, “Impurity transport through a strongly interacting bosonic quantum 

gas”, Phys. Rev. A 84, 023617 (2011).
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mass-imbalaced systems, they appear in various parameter regimes and are universal in that they do not depend on 
short-range details other than the scattering length and the three-body parameter, whereas they are distinguished 

-
ture discrete, continuous, and no scale invariance. On the other hand, in systems of identical atoms, there has been 
mounting evidence that the three-body parameter is nearly constant in log scale not only across different universal 
regimes of one atomic species but also across different atomic species. We report the result of our numerical calcu-
lations based on a realistic Helium potential in agreement with experiemental results on Li, Rb, and Cs.
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Few-particle Fermi systems are the basic building blocks of all matter which have been studied extensively in 
atomic, nuclear and condensed matter physics. In our experiments, we have realized few-fermion systems consist-

of freedom can be controlled. These deterministic ensembles are ideally suited for the quantum simulation of few-
body systems. 

spin polarized system with an interacting system containing two different spin states we could demonstrate fermi-
onization of the two distinguishable particles for diverging repulsive coupling strength by showing that the square 

we observe a strong odd-even effect in the interaction energy and correlated pair tunneling out of a tilted trap. For 
strong repulsive interactions we observe ferromagnetic correlations, when the repulsion between distinguishable 
particles becomes stronger than the Fermi energy. 
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I will give an overview of the studies of dipolar quantum gases, focusing on their stability. After that the cen-

non-reactive polar molecules, in two dimensions. It will be emphasized how three-body interactions support the 
emergence of stable supersolid states. 
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Advances in the quantum manipulation of ultracold atomic gases are opening a new frontier in the quest to 
better understand strongly correlated matter. By exploiting the long-range and anisotropic character of the dipole-
dipole interaction, we hope to create novel forms of soft quantum matter, phases intermediate between canonical 
states of order and disorder. Our group recently created Bose and Fermi quantum degenerate gases of the most 
magnetic element, dysprosium, which should allow investigations ofquantum liquid crystals. We present details of 

-
ing a Dy cryogenic atom chip microscope that will possess unsurpassed sensitivity and resolution for the imaging 
of condensed matter materials exhibiting topologically protected transport [3] and magnetism.  

References 
[1]  Lu, M. and Burdick, N. Q. and Lev, B. L, Quantum Degenerate Dipolar Fermi Gas, to appear in Phys. Rev. Lett.; 

[2]  Lu, M. and Burdick, N. Q. and Youn, S.-H. and Lev, B. L, , Phys. 
Rev. Lett. 107, 190401 (2011). 

[3]  Dellabetta, B. and Hughes, T. and Gilbert, M. and Lev, B. L, 
degenerate gases
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valence-electron atom, belonging to the lanthanide series. It possesses a strongly magnetic dipolar character, a rich 
energy level diagram, and various isotopes, among which one has fermionic nature. Despite the complex atomic 

degeneracy by means of laser cooling on a narrow-line transition and standard evaporative cooling techniques. We 
observe favorable scattering properties of 168

dream system for ultracold quantum gas experiments. 

Reference 
[1]  K. Aikawa, A. Frisch, M. Mark, S. Baier, A. Rietzler, R. Grimm, and F. Ferlaino, , 

Phys. Rev. Lett. 108, 210401 (2012). 
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Ultracold Fermi gases near Feshbach resonances provide a unique strongly correlated many-body system that 
can be controlled and probed with high precision. These systems, characterised by short-range interactions and 
large scattering lengths, are challenging to describe theoretically and various approximate methods have been 
employed to make calculations tractable. Reliable experimental benchmarks are therefore a key requirement and 
progress is now demanding accuracies at the level of one percent. Here, we report on our precision experimental 
measurements of the density and spin dynamic and static structure factors of strongly interacting Fermi gases [1]. 
We use these to make the most precise determination of Tan’s universal contact parameter [2] in a unitary Fermi gas 
and compare our results with different theoretical predictions. Progress towards obtaining the homogeneous contact 
from measurements on a trapped gas will also be presented. 

References 
[1]  S. Hoinka, M. G. Lingham, M. Delehaye, and C. J. Vale, Dynamic spin response of a strongly interacting Fermi gas, 

[2]  S. Tan, Energetics of a strongly correlated Fermi gas, Ann. Phys. 323, 2952 (2008). 
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When atoms are exposed to intense laser radiation, electrons in the ground state may tunnel ionize, acquire 

this process is repeated many times, the emitted radiation takes the form of a frequency comb, with peaks at odd 

being developed ranging from single attosecond pulses to pulse trains and the techniques used to characterize them.
One of the most interesting properties of attosecond pulses is that thay can be used to measure both spectral 

phase and amplitude of an unknown wave function or wave packet by pump-probe interferometric methods, giving 
us access to the temporal dynamics of the process that led to this wave-packet. In this presentation, we will describe 
some of these applications, and in particular recent results concerning measurement of photoionization dynamics 
from different atomic subshells [1]. 

Reference 
[1] K. Klünder et al., “Probing single-photon ionization on the attosecond time scale” Phys. Rev. Lett. Phys. Rev. Lett. 106, 

143002 (2011).
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-
tron wavepacket just after it tunnels out of the atom.  We reconstruct this distribution from the electron momenta 
measurements obtained at the detector and compare it to standard theoretical models.  We also explore the creation 
of Rydberg states that occurs after tunnel ionization if the electron does not gain enough energy to escape the Cou-

ellipticity of laser light and shows excellent agreement with a prior experiment.  

References 
[1] A. S. Landsman, A. N. Pfeiffer, M. Smolarski, C. Cirelli, and U. Keller, “Rydberg states and momentum bifurcation in tunnel 

[2] A. N. Pfeiffer, C. Cirelli, A. S. Landsman, M. Smolarski, D. Dimitrovski, and L. B. Madsen,, « Probing the longitudinal 
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The Linac Coherent Light Source (LCLS) located at the SLAC National Accelerator Laboratory at Stanford 
University is an x-ray laser with approximately one billion times higher brightness than any previous laboratory 

which have explored x-ray matter interactions in this new regime.  These include nonlinear x-ray absorption, ultra-
fast experiments exploring the few-femtosecond time scale of Auger relaxation, and coherent x-ray-atom interac-
tions. [2-4]. 

References 
[1] P. Emma et al., Nature Photonics 4, 641 (2010).
[2] P. H. Bucksbaum, R. Coffee, N. Berrah, in Advances In Atomic, Molecular, and Optical Physics, E. Arimondo, P. R. Berman, 

C. C. Lin, Eds. (Academic Press, 2011), vol. 60, pp. 239-289.
[3] L. Young et al., Nature 466, 56 (2010).
[4] J. P. Cryan et al., Phys. Rev. Lett. 105, 083004 (2010).
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We will discuss several recent advances aimed at combining quantum control over ultra-cold atoms and solid-
state atom-like systems with nanoscale optical and mechanical resonators. Novel applications of these techniques 
ranging from quantum nonlinear optics to nanoscale quantum sensing will be described. 
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Precision measurement is a hallmark of physics but the small length scale (~ nanometer) of elementary biologi-
-

logical molecules. Here, we highlight the recent developments in single molecule nanometry where the position of 

molecules can be determined with ~0.3 nmprecisionat ~1 millisecond time resolution [2], and how these new tools 
are providing fundamental insights on how motor proteins move on cellular highways [3]. We will also discuss 

respectively, allowing us to correlate movements of multiple components. Finally, we will discuss recent progress 

References 

300 (5628), 2061-2065 (2003). 
[2]  S. Myong et al, Repetitive Shuttling of a Motor Protein on DNA, Nature 437, 1321-1325 (2005). 
[3]  G. Lee et al, Elastic Coupling between RNA Degradation and Unwinding by an Exoribonuclease, Science (in press). 
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-
cavity optomechanics [1]. 

Using on-chip micro-cavities that combine both optical and mechanical degrees of freedom in one and the same de-
vice [2], radiation pressure back-action of photons is shown to lead to effective cooling of the mechanical oscillator 
mode. In our research we prepare the oscillator with high ground state probability using cryogenic precooling to ca. 

ground state occupation). Moreover it is possible in this regime to observe quantum coherent coupling in which 
the mechanical and optical mode hybridize and the coupling rate exceeds the mechanical and optical de-coherence 
rate [3]. This accomplishment enables a range of quantum optical experiments, including state transfer from light 
to mechanics using the phenomenon of optomechanically induced transparency [4]. 

References 

[2]  A. Schliesser, et al. Radiation pressure cooling of a micromechanical oscillator using dynamical backaction. Physical Review 
Letters 97, 243905 (Dec 15, 2006).
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[4]  S. Weis et al., Optomechanically Induced Transparency. Science 330, 1520 (Dec, 2010).
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semiconductor microcavities (the so-called exciton-polaritons) are a powerful workbench for the study of many-
body effects in a novel non-equilibrium context [1]. 

and vortices. I will then illustrate recent theoretical studies in the direction of generating strongly correlated photon 
gases, from Tonks-Girardeau gases of impenetrable photons in one-dimension [2], to quantum Hall liquids in the 

Advantages and disadvantages of the different material platforms in view of generating and detecting strongly 
correlated gases will be reviewed, in particular laterally patterned microcavity and micropillar devices in the optical 
range, and circuit-QED devices in the microwave domain. 

References 
[1]  I. Carusotto and C. Ciuti, Rev. Mod. Phys., to appear (2012). 
[2]  I. Carusotto, D. Gerace, H. Tureci, S. De Liberato, C. Ciuti, A. Imamoglu,, Phys. Rev. Lett. , 033601 (2009). 
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molecules with attosecond precision. Here, we demonstrate attosecond control of collective electron motion in 
plasmas driven by extreme intensity (~1018 W.cm–2

tightly focused at the interface between vacuum and a solid-density plasma, where they launch and guide subcycle 
motion of electrons from the plasma with characteristic energies in the multi-kiloelectronvolt range — two orders 
of magnitude more than has been achieved so far in atoms and molecules. The basic spectroscopy of the coherent 
extreme ultraviolet radiation emerging from the light-plasma interaction allows us to probe this collective motion of 
charge with sub-200 attosecond resolution. This is an important step towards attosecond control of charge dynamics 
in laser-driven plasma experiments.

Reference 
[1] A. Borot et al, “Attosecond control of collective electron motion in plasmas”, Nat. Phys. 8, pp. 416-421 (2012).  
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In optomechanics, laser light is used for cooling and control of the vibrations of micromechanical oscillators, 
with many similarities to the cooling and trapping of atoms. It has been proposed that laser light could also be used 
to couple the motion of atoms in a trap to the vibrations of a mechanical oscillator [1]. In the resulting hybrid opto-
mechanical system the atoms could be used to read out the oscillator, to engineer its dissipation, and ultimately to 
perform quantum information tasks. 

We have realized a hybrid optomechanical system by coupling ultracold atoms to a micromechanical mem-

surface, resulting in optomechanical coupling as proposed in [1]. We observe both the effect of the membrane 
vibrations onto the atoms as well as the backaction of the atomic motion onto the membrane. By coupling the 
membrane to laser-cooled atoms, we engineer the dissipation rate of the membrane. This mechanism can be used 
to sympathetically cool the membrane with the atoms. 

References 
[1] K. Hammerer, K. Stannigel, C. Genes, P. Zoller, P. Treutlein, S. Camerer, D. Hunger, and T. W. Hänsch, Phys. Rev. A 82, 

021803 (2010). 
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Conditional measurements on the undriven mode of a two-mode cavity QED system prepare a coherent super-
position of ground states that generate quantum beats [1]. The continuous drive of the system, through the phase 
interruptions from Rayleigh scattering, induces decoherence that manifests itself in a decrease of the amplitude 
and an increase of the frequency of the oscillations [2]. Our recent experiments implement a feedback mechanism 
to protect the quantum beat oscillation. We continuously drive the system until we detect a photon that heralds the 
presence of a coherent superposition. We then turn the drive off to let the superposition evolve in the dark, protect-
ing it against decoherence. We later turn the drive back on to measure the amplitude, phase, and frequency of the 

-
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