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Coherent control and delocalization of single trapped atoms constitute powerful new resources for quantum 
technologies. We will report on a single-atom interferometer that uses spin-dependent periodic potentials to co-
herently split and recombine particles with spatial separations of up to 24 lattice sites, equivalent to more than 
10 m. The interferometer geometry can be reprogrammed in a digital manner by freely assembling basic coherent 
operations at discrete time intervals; this allowed us to contrast different geometries and to develop a geometrical-
analogue of the well-known spin-echo refocusing. We tested the interferometer by probing external potential gra-
dients, achieving with single atoms 5 × 10–4 precision in units of gravitational acceleration g. Furthermore, a novel 
scheme for spin-dependent optical lattices is presently underway, with which we expect to reach splitting distances 
of 1 mm.

This coherent control of single-atom wave packets gives us a new way to investigate and exploit interaction 
effects between atoms; for instance, molecular bound states of two atoms are predicted to occur in quantum walk 
experiments as a result of matter-wave interference [1]. 

Reference
[1] A. Ahlbrecht, A. Alberti, D. Meschede, V. B. Scholz, A. H. Werner, R. F. Werner, Bound Molecules in an Interacting Quantum 
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We report on the implementation of a Bragg-type interferometer operated with a chip-based atom laser for 
Rubidium 87Rb. With the chip based atom laser we can generate thermal ensemble as well as Bose-Einstein conden-
sates (BEC) [1]. With the help of delta kick cooling [2], implemented via the atom chip, we can further slow down 
the expansion of thermal and condensed atoms. In addition, the chip allows to transfer atoms in the individual Zee-

extend the observation of a BEC of only 10000 atoms to macroscopic time scales approaching two seconds. Ben-

interferometer over hundreds of milliseconds to study the coherence and to analyze the delta kick cooling with the 
help of the observed interference fringes. This experiment can be considered as a double slit experiment in micro-

(TU Darmstadt), and W. P. Schleich (Univ. Ulm).
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We report progress, both theoretical and experimental, toward an atom interferometric measurement of MYb, 

interferometer in free space many potential sources of systematic error cancel. For part per billion precision, such 
an interferometer requires two of the arms to be coherently accelerated. Experimental progress includes improved 

5 atom), nearly pure condensates of 174Yb and 
faster cycle times for a low-momentum prototype interferometer. Theoretical progress includes new techniques for 

to precision BEC interferometry [1]. These techniques are also valid for waveguide interferometers. A comparison 
of various coherent acceleration schemes will also be presented.

Reference
[1] A. O. Jamison, et al., , Phys. Rev. A, 84, 
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Quantum superposition states are under constant threat to decohere by the interaction with their environment. 
Active feedback control can protect quantum systems against decoherence, but faces the problem that the measure-
ment process itself can change thequantum system. The adaptation of the measurement strategy to a given stabili-
zation goal is therefore an essential step to implement quantum feedback control. Here, we present the protection 
of a collective internal state of an atomic ensemble against a simple decoherence model. A coherent spin state is 
prepared and exposed to a noise which randomly rotates the state on the Bloch sphere. We use weak nondestruc-

feedback. This method is used to increase the coherence lifetime of the initial superposition state by about one order 
of magnitude. 
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The world’s leading atom interferometers are housed in bulky atomic fountains. They employ a variety of tech-
niques to increase the spatial separation between atomic clouds including high order Bragg diffraction. The largest 
momentum transfer in a single Bragg beamsplitter has been limited to 24  by laser power and beam quality [1]. 
We present an atom interferometer in a 40 cm optical cavity to enhance the available laser power, minimize wave-
front distortions, and control other systematic effects symptomatic to atomic fountains. We expect to achieve spatial 
separations between atomic trajectories comparable to larger scale fountains within a more compact device. We 
report on progress in developing this new interferometer using cold Cs atoms and discuss its prospects for exploring 
large momentum transfer up to 100 
demonstration of the gravitostatic Aharonov-Bohm effect [2].

References 
[1] Holger Müller, Sheng-wey Chiow, Quan Long, Sven Herman, and Steven Chu. “Atom Interferometry with up to 24-Photon-

Momentum-Transfer Beam Splitters”. Phys. Rev. Lett.100(18), 180405, (2008). 
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Coherent population transfer of cold 87

Hoon Yu, Mi Hyun Choi, Seung Jin Kim, and Jung Bog Kim

We consider counter-intuitive light pulses to transfer atoms coherently from the ground state to another ground 
87Rb at-

oms in the ground state of 5S (F=2), 
to measure amount of transferred atoms. We optimized experimental parameters - width of pulses, power of each 
pulse, delay time between two pulses, and the two photon detuning- until the effective Rabi frequency of over-

Reference 
[1] J. B. Kim, J. Lee, A. S. Choe, and Y. Rhee, “Geometrical representation of coherent-excitation methods using delayed and 

detuned lasers”, Phys. Rev. A 55, pp. 3819-3825 (1997).



60 Mo-007 Atom interferometry

U. Dorner1,2

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

2. Clarendon Laboratory, University of Oxford, Parks Road, Oxford OX1 3PU, UK  
u.dorner1@physics.ox.ac.uk 

The measurement of atomic transition frequencies with Ramsey interferometry has been established as an im-
portant tool, not only for general spectroscopic purposes but also to determine frequency standards on which atomic 
clocks are based on. Improvements of Ramsey interferometry via quantum effects are therefore highly desirable. 
Here we present methods for quantum enhanced Ramsey-type interferometry using trapped ions or neutral atoms 
which employ highly non-classical probe-states and decoherence free subspaces [1]. Our methods drastically im-
prove the measurement uncertainty beyond what is possible classically in the presence of experimental noise and 

-
perimental technology and can lead to improved spectroscopic methods with important applications in metrology.

Reference 
[1] U. Dorner, , New J. Phys. 14, 043011 (2012). 
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The concept of entanglement has evolved from a controversial building block of quantum mechanics to the 
basic principle of many highly topical applications. In optics, parametric down-conversion in nonlinear crystals 
has become one of the standard methods to generate entangled states of light. Bose-Einstein condensates of atoms 
with non-zero spin provide a mechanism analogous to parametric down-conversion. The presented process acts as 

number of atoms. At a total of 10000 atoms, we observe a squeezing of the number difference of -7 dB below shot 
-

sion interferometry. We show that its interferometric sensitivity beats the standard quantum limit, the ultimate limit 
of unentangled states.

Reference 
[1] B. Lücke, M. Scherer, J. Kruse, L. Pezzé, F. Deuretzbacher, P. Hyllus, O. Topic, J. Peise, W. Ertmer, J. Arlt, L. Santos, A. 

Smerzi, and C. Klempt, “Twin matter waves for interferometry beyond the classical limit”, Science 334, 773 (2011). 
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We discuss an all-optical Talbot-Lau interferometer for nanoparticles which consists of 3 pulsed VUV laser 
gratings [1]. The short laser pulse duration of about 7 ns allows us to address the particles in the time domain, which 
is a new concept for interferometry of complex matter. The interferometer uses pulsed standing laser light waves as 
diffracting structures. The light pulses can act as absorptive gratings for matter waves, as soon as the wavelength 

standing light wave. In contrast to material masks, such gratings can be operated in a pulsed mode, which makes 
the motion of the particles negligible, in many cases. This establishes a new kind of velocity independent interfer-
ometer for molecules and clusters, which has the potential to interfere particles up to 106amu and more. This will 
be relevant for testing spontaneous quantum localization models [2]. 

References 
[1] Nimmrichter S., et al., , 13, 075002 (2011). 
[2] Nimmrichter S., et al., Phys. Rev. A, 83, 043621 (2011).
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SYRTE has previously built and extensively characterized a six-axis atom inertial sensor [1,2]. In particular, 
the uses of a four pulse sequence gyroscope and large momentum transfer beam splitter to enhance its area were 
investigated [3]. A new interferometer has now been developed at SYRTE based on these study, allowing a 300-fold 
increased area and enhanced scaling to the rotation; it should in addition allow for more robust large momentum 
transfer. Details of the architecture and preliminary characterizations will be presented. This very high sensitivity 
opens important perspectives in particular for fundamental physics, allowing for example improved tests of atom 
neutrality.

References 
[1] B. Canuel et al., “Six-axis inertial sensor using cold-atom interferometry”, Phys. Rev. Lett. 97, 010402 (2006).
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Rev. Lett. 103, 080405 (2009).
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We propose a new design of a cold atom gravimeter integrated on chip. The chosen architecture of the sensor is 

F = -1> and 
| F=2,mF

was demonstrated with a Bose-Einstein Condensate (BEC) [1] might be applied also to thermal atoms which will 

than imaging techniques. We have studied theoretically the various physical factors limiting the ultimate perfor-
mances of such an inertial sensor and we propose to demonstrate soon an experimental proof of principle.

Reference 
[1] Böhi et al., Nat. Phys. 5, 592 (2009).
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-
pressed by 1-3 orders of magnitude independent of the environmental temperature. The suppression is based on the 

1 2) which are exposed to the same 

syn ∝ 1 12 2) largely immune to the blackbody radia-
tion shift. For example, in the case of 171Yb+ it is possible to create a synthetic-frequency-based clock in which the 
fractional blackbody radiation shift can be suppressed to the level of 10–18 in a broad interval near room temperature 
(300 ± 15 K). We also propose a realization of our method with the use of an optical frequency comb generator 

1 2 syn is generated as one of the components of the comb 

11-02-01240), Minobrnauka (GK 16.740.11.0466), RAS, Presidium of the SB RAS. D.V.B. was also supported by 
the Presidential Grant (MK-3372.2012.2).
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We investigate the radio-frequency quantum engineering of nuclear spins for an ultra narrow optical clock 
transition based on the fermionic 87Sr, 171Yb and 199Hg species. A Zeeman-insensitive optical clock transition is pro-

relative uncertainty below 10–18 level. 
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We present a detailed study of optical pumping in a freely evolving cloud of cold Cs atoms launched in an 
F F’ = F transition, a high degree of atomic spin 

polarisation was achieved by accumulation of the population in the mF = 0 sublevel of the ground state. Such a 
scheme has been proposed and demonstrated for thermal beam clocks [1], but the technique has not been widely 
implemented for normal operation. In the case of cold atoms the random scattering of photons associated with opti-

experimentally the dynamics of the pumping process and the related heating mechanism and considered factors 
limiting the achievable spin polarisation. This technique has been implemented in a Cs fountain clock, giving a 

Reference 
[1] G. Avila, V. Giordano, V. Candelier, E. de Clercq, G. Theobald and P. Cerez, “State selection in a caesium beam by laser-diode 

optical pumping”, Phys. Rev. A 36, 3719 (1987).
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We have constructed a compact frequency standard using an intra-cavity sample cold cesium atoms. The results 
show the potential use of clocks with this operation if compared to a cesium beam standard, since all the steps 
are sequentially performed in the same position of space. Due to the fact that the atomic standard is based on an 
expanding cloud of atoms, it has no stringent size limitations and one can imagine the possibility of a clock even 
more compact. For the next step of our ongoing project we are developing a system containing all the laser sources, 
microwave source and cavity in a single metallic block. The mobile atomic standard based on cold atoms can be an 
important contribution to a primary standard of high relevance, and a possible strategic product with a broad range 
of applications.

Reference 
[1] Müller, S. T. et al. “Compact Frequency Standard Based on an Intra-cavity Sample Cold Cesium Atoms”, J. Opt. Soc. Am. B 

28 n11, pp. 2592-2596 (2011). 
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Th-229 nucleus

O. A. Herrera-Sancho, M. V. Okhapkin, Chr. Tamm, and E. Peik

The possibility to realize a nuclear clock based on laser excitation of the isomeric state in Th-229 [1,2] has 
motivated experiments with thorium ions in solids and in ion traps. To facilitate the search for the nuclear transi-
tion within a wide uncertainty range about 8 eV, we investigate two-photon excitation in the dense electronic level 
structure of Th+, which enables the nuclear excitation via a resonantly enhanced electronic bridge process [3]. In 
our experiment, the Th+ resonance line at 402 nm from the (6d27s)J d7s7p)J

step of a two-photon excitation, we have observed several previously unknown levels of Th+ around 8 eV. 

References 
[1] E. Peik, Chr. Tamm, Europhys. Lett. 61, 181 (2003). 
[2] C. J. Campbell et al., Phys. Rev. Lett. 108, 120802 (2012). 
[3] S. G. Porsev, V. V. Flambaum, E. Peik, Chr. Tamm, Phys. Rev. Lett. 105, 182501 (2010). 
[4] O. A. Herrera-Sancho et al., Phys. Rev. A 85, 033402 (2012). 
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The unprecedented accuracy in time promises new applications like relativistic geodesy for exploration of oil 
and minerals, fundamental tests of general relativity and synchronization for long base line astronomical interfer-
ometry. In fact very recently, space has also opened up as a new avenue for precision measurements based on cold 
atoms. We are setting up a mobile frequency standard based on strontium (Sr) in a blue detuned optical lattice. 
We have a 2D-3D MOT (magneto-optical trap) setup where initially cooled atoms in 2D are collected in the 3D 
MOT. Very recently we have observed an effect of our 2D MOT on our 3D MOT where atom number increases 
approximately by a factor of 10. However, these are only preliminary results and a thorough optimization as well 
as characterization will be done in due course of time. An up to date progress on our activities will be presented.

Atomic clocks Mo-018
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Optical lattice clocks [1] are among the most accurate clocks to date and have a huge potential for further 
improvement, owing to their unique possibility to combine the advantage of the Lamb-Dicke regime spectroscopy 
(drastic reduction of shifts associated with the dynamics of external variables) together with the possibility of 
probe a large number of quantum absorbers simultaneously. Among atoms studied in optical lattice clocks, mercury 
has very low sensitivity to blackbody radiation, making it an excellent candidate for achieving accuracies in the 
low 10–18, for testing the stability of natural constants or for demonstrating new applications, such as relativistic 

mid-10–15 range [3]. These results demonstrate that the considerable challenge due to the need for deep-UV laser 
light can be met to make a new clock with extreme accuracy. 

References
[1] H. Katori, Optical lattice clocks and quantum metrology, Nat. Photon. 5, 203 (2011).
[2] L. Yi et al., Optical Lattice Trapping of 199 1S0 – 3P0 Clock 

Transition, Phys. Rev. Lett 106, 073005 (2011). 
[3] J. J. McFerran et al.,  = 5.7 × 10–15, 

Phys. Rev. Lett. 108, 183004 (2012). 
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Instability and systematic shifts of optical clocks are rapidly evaluated by referring another stable optical clock. 
Following an all-optical frequency comparison of two remote 87Sr lattice clocks (one at NICT and the other in Uni-
versity of Tokyo) in 10-16 level [1], we conducted an in-laboratory frequency comparison between a single calcium 
ion clock and the 87Sr lattice clock. The 87Sr lattice clock in NICT has total systematic uncertainty of 5×10-16 and the 
stability reaches 5×10-16 in 1000 s. Thus the lattice clock worked as an optical frequency reference for the evalu-
ation of our lately improved Ca+ clock, which currently equips a magnetic shield to reduce Zeeman shift [2]. The 
frequency ratio of f (Ca+ f (Sr) obtained with the optical comparison has statistical uncertainty of 1×10-15 in 1000 s 
and is consistent with separate absolute frequency measurements based on International Atomic Time, where the 
10-15

References 
[1] A. Yamaguchi et al., “Direct comparison of distant optical lattice clocks at the 10-16 uncertainty”, Appl. Phys. Express, 4, pp. 

082203 (2011).
[2] K. Matsubara et al., “Frequency measurement of the optical clock transition of 40Ca+ ions with an uncertainty of 10-14 level”, 

Appl. Phys. Express, 1, pp. 067011 (2008).
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Transition frequencies of cold molecules must be accurately evaluated to test the variance in the proton-to-
electron mass ratio. Measurement of the X2 v,N) = (0,0)-> (1,0),(2,0),(3,0),(4,0) transition frequencies of optically 
trapped 174Yb6Li molecules are the promising method to achieve this goal [1]. 174Yb6Li molecules are produced via 
Feshbach resonance or optical association, and forced to the (v,N) = (0,0) state by stimulated Raman transition. The 
Stark shift induced by trap laser is eliminated by choosing appropriate frequencies (magic frequency). For 174Yb6Li 
molecule, the magic frequency exists also in the far-off resonant area. Using this magic frequency, the Stark shift 
is less than 10-16 if the trap laser frequency is detuned from the magic frequency with 1 MHz. The transition is 
observed by Raman transition, using two lasers. Also the Stark shift induced by Raman lasers can be eliminated, 
because the Stark shifts induced by two Raman lasers cancel each other, when the magic frequency exists between 
both Raman laser frequecnies. 

Reference 
[1] M. Kajita et al., “Elimination of the Stark shift from the vibrational transition frequency of optically trapped 174Yb6Li 

molecules”, Phys. Rev. A 84,022507 1-6 (2011). 
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High precision cold atom interferometers have important applications in many fundamental physics experi-
ments[1]. Using dual-species atom interferometers to measure the gravity synchronously can make a precision test 
of the weak equivalence principle. Because 85Rb and 87Rb atoms have similar Raman laser wave vectors, many 

in space, the free evolution time can be greatly extended[2]. We analyze the differential phase noise of an 85Rb-87Rb 

=3.2×10-13 =3.4×10-15 after one day’s integration.

References 
[1] S. Dimopoulos, P. W. Graham, J. M. Hogan, M. A. Kasevich, “General relativistic effects in atom interferometry”, Phys. Rev. 

D 78, pp.042003 (2008).
[2] W. Ertmer, C. Schubert, T. Wendrich, et al., “Matter wave explorer of gravity (MWXG)”, Exp. Astron. 23, pp.611–649(2009).
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111Cd atoms will be pre-
sented. The concept is based on the proposal of Fry et al. formulated for 199Hg [1]. In the presented experiment, 
the 111Cd2 molecules are produced in a pulsed supersonic beam. Next, the 111Cd2 molecules are irradiated by two 
laser pulses and dissociated in a process of stimulated Raman passage. As a result, two entangled 111Cd atoms with 
anti-parallel nuclear spins are produced. Orientation of the nuclear spins is recorded using spin-state-selective two-
photon excitation-ionization method [2]. Current status of the preparation stage of the experiment will be reported. 

References 
[1] E. S. Fry, Th. Walther and S. Li, “Proposal for a loophole-free test of the Bell inequalities”, Phys. Rev. A 52, pp. 4381-4395 

(1995). 
10u

+ (61S0) and F31u(6
3P2) electronic Rydberg 

states of Cd2 from ab initio calculations and LIF excitation spectra”, J. Phys. Chem. A 115, pp. 6851-6860 (2011).
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We present a gravimeter based on the use of Bragg diffraction to drive atomic beam splitters and mirrors. Tra-
ditionally, gravimeters based on cold atoms have used Raman transitions for the optical elements, a process that 
drives transitions between internal atomic states which are highly sensitive to environmental perturbations (e.g. 
see [1,2]).Here we show that atoms extracted from a magneto-optical trap with an accelerating optical lattice are a 

detection. Our current device, based on a T = 60ms, 4 g g of 2 × 10–9 in 
15 minutes. We discuss a number of improvements which should push this device into the Gal regime and beyond. 

References
[1] A. Peters, K. Y. Chung, and S. Chu, High-precision gravity measurements using atom interferometry. Metrologia 38, pp. 25-

61 (2001). 
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the electrodynamics corrections of atomic energy levels, as due to limiting conditions imposed by the surface. The 
realm of non-zero temperature corrections, which can be interpreted as a coupling of an atomic detector with the 

situation (overheated surface, relatively to the remote environment). We are presently performing experiments at 

the interaction, solely governed by the surface temperature.

Reference 
[1] J. M. Obrecht, M. Antezza, L. P. Pitaevskii, S. Stringari, E. A. Cornell, Measurement of the Temperature Dependence of the 

Casimir-Polder Force, Phys. Rev. Lett. 98, 063201 (2007).
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Ultra-precise measurements of the gyromagnetic factor (g-factor) of a bound electron in highly charged me-
dium-heavy ions provide a sensitive test of quantum electrodynamics in bound systems (BS-QED) under extreme 
conditions. To determine the g-factor the Larmor frequency and the free cyclotron frequency of a single ion are 
measured in a triple Penning-trap setup. The continuous Stern-Gerlach effect allows an indirect measurement of the 
Larmor frequency. The free cyclotron frequency is determined by the measurement of the three motional eigenfre-
quencies. In this context the g-factor of hydrogenlike silicon 28Si13+ has been measured with a relative uncertainty 

–10 g-factor measurements of a 
hydrogenlike and a lithiumlike system with the same nucleus offer a test of the electron-electron interaction calcu-
lations. For this reason the g-factor measurementof 28Si11+ is currently under progress. The measurement procedure 
and results are presented. 
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Parity violation (PV) effects have so far never been observed in chiral molecules. Originating from the weak 
interaction, PV should lead to frequency differences in the rovibrational spectra of the two enantiomers of a chiral 

compare the rovibrational spectra (around 10 m) of two enantiomers, recorded using the ultra-high resolution 
spectroscopy technique of Doppler-free two-photon Ramsey fringes in a supersonic molecular beam. With an alter-
nate beam of left- and right-handed molecules and thanks to our expertise in the control of the absolute frequency of 
the probe CO2 lasers, we should reach a fractional sensitivity better than 10–15, on the frequency difference between 
enantiomers [1]. 

We will review our latest results on the high-resolution spectroscopy, either in cell or in a supersonic beam, of 
methyltrioxorhenium [2], an achiral test molecule from which our collaborators are currently synthesizing chiral 

References
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molecules, Phys. Chem. Chem. Phys. 13, pp. 854-863 (2011). 
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Entanglement is the essential feature of quantum mechanics. Its importance arises from the fact that observers 

by classical statistics. In order to make it a useful resource for, e.g., scalable long-distance quantum communication, 
heralded entanglement between distant massive quantum systems is necessary. Here we report on the generation 
and analysis of heralded entanglement between spins of two single Rb-87 atoms trapped independently 20 meters 

inequality [3,4]. 
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We present a measurement of the ratio h mRb between the Planck constant and the mass of 87Rb atom us-
–10, is 

–1 = 137.035 999 037 (91). Using this determination, we obtain a theoretical value of the electron 
anomaly ae = 0.001 159 652 181 13 (84) which is in agreement with the experimental measurement of Gabrielse  
(ae = 0.001 159 652 180 73 (28)). The comparison of these values provides the most stringent test of the QED. 

anomaly. 
Using this method, it seams possible to further reduce systematic effects and improve the precision of the mea-

surement by a factor 7. 
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Search for the permanent electric dipole moment (EDM) of the elementary particles has been of considerable 
interest in the recent decades. Laser cooling and trapping technique reduces the systematic error of the EDM mea-
surement due to the v × E
by two or three orders of magnitude, when compared to the conventional atomic beam experiments. This longer 
interaction time substantially improves the sensitivity of the EDM measurement. Additionally, Francium (Fr) being 
the heaviest alkali atom has a large enhancement factor of about 900. The laser cooled Fr atoms are promising for 
the measurement of the e-EDM. As the Fr production requires the cyclotron operation which being expensive for a 
continuos operation, we work with Rb atoms and the Rb beam is utilized for optimizing the operation parameters 
of the entire apparatus. We have developed a double magneto-optical trap (MOT) system and trapped Rb atoms. 
We have also observed the saturated absorption spectra of iodine molecules at 718 nm. The high resolution signal 
is used to stabilize the laser frequency to the D2 transition of Fr atom. 
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p
as with a proton (p). This opens the way to measuring the p magnetic moment (whose uncertainty has essentially 
not been reduced for 20 years) at least 103 times more precisely. 
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We report an intracavity scheme for diode laser based two-photon spectroscopy [1]. To demonstrate generality, 
three 133

102 times better signal-to-noise ratio than previous work1 with 10-3 times less laser power, revealing some previ-

optical frequency reference. Our approach is applicable for most of the two-photon spectroscopy of alkali atoms. 

measured frequencies (within 3 kHz, two months) is encouraging for considering the application of our scheme to 
be a hand-size diode-laser based secondary frequency standard.

Reference 
[1] Y.-Y. Chen, T.-Wei Liu, C.-M. Wu, C.-C. Lee, C.-K. Lee and W.-Y. Cheng, “High-resolution 133

spectroscopy using an intracavity scheme”,Opt. lett. 36, 76 (2011).
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A muonium atom (Mu) is a bound state formed by a muon ( +) and an electron, offering a structureless two-
body leptonic system whose energies can be evaluated with high accuracies by the bound-state QED. The 1S – 2S 
transition of Mu is of particular importance because the muon mass and the ground-state Lamb shift contribution 
can be derived from it imposing a cross-check on the recent muonic hydrogen 2S – 2P Lamb shift measurement 
in which a smaller than expected proton size was found [1]. The current experimental resolution of Mu v1S–2S is 

Mu in vacuum, (b) the frequency chirps in the pulsed light source, and (c) the precision of 
the reference line. In this conference, we present our effort in improving the precision of the 732 nm reference line 
in molecular iodine that is suitable for the Mu v1S–2S spectroscopy. 
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matter-wave diffraction pattern from stochastically arriving single molecules. A slow molecular beam is created via 
laser evaporation of the molecules from a glass window. The molecules traverse an ultra-thin nanomachined grat-
ing at which they are diffracted and quantum delocalized to more than 100 µm before they are captured on a quartz 

provides us with single molecule sensitivity and we can determine the position of each molecule with an accuracy 
of 10 nm. This new setup is a textbook demonstration but it also enables quantitative explorations of the van der 
Waals forces between molecules and material gratings. An extrapolation of our present experiments to even thinner 
gratings is expected to also enlarge the range of nanoparticles that are accessible to advanced quantum experiments.
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[1] Juffmann et al., “Real-time single-molecule imaging of quantum interference”, Nature Nanotechnology 7, 297-300 (2012).
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Atomic magnetometer sensitivity is a limiting factor in precision measurements, medical imaging, and indus-
trial applications. In particular, searches for permanent electric dipole moments (EDMs) require sensitive magne-
tometers which interact minimally with the primary samples. Techniques based on spin-polarized gases have been 

magnetometers (e.g. alkalis or 199Hg) also suffer from material problems at the high voltages and low tempera-
tures common in EDM experiments. We propose as a remedy real-time optical magnetometry based on spectros-
copy of two-photon transitions in spin-polarized 129Xe. Thermal, diffusive, and dielectric properties of xenon allow 

coherence times and a low neutron capture cross-section are favorable in neutron EDM experiments. We report 
on preliminary work validating the technique in 171Yb and a parallel effort measuring the 129Xe EDM, and survey 
applications to contemporary neutron EDM measurements. 
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Large scale CIV3 calculations of excitation energies from ground state as well as of oscillator strengths and 
-

els of the terms belonging to the (1s22s22p6)3s23p2, 3s3p3, 3p4, 3s23p3d, 3p33d, 3s3p3d2, 3s23d2, 3s3p23d, 3s3p24s, 
3s23p4s, 3s23p4p, 3s23p4d and 3s2

interaction (CI) wavefunctions. The relativistic effects in intermediate coupling are incorporated by means of the 

are in excellent agreement with the data compiled by NIST and the experimental lifetimes, wherever available. 
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p4(3P)3p 2Do, 4Do and 2Po

investigated theoretically. Large-scale calculations are carried out using the atsp2k [1] and grasp2k [2] packages 

non-relativistic and relativistic models, the set of many-electron states selected to form the total wave function is 
constructed systematically using the “single and double multireference” approach. In the framework of MCHF, the 
relativistic effects are taken into account, either in the Breit-Pauli (BP) approximation using the MCHF orbitals or 

converted to Dirac spinors using the Pauli approximation [3]. The MCHF-BP, RCI and MCDF results are in sat-
isfactory agreement with experiments, but differ from the MCHF calculations. It shows that, in a system like F I, 
relativistic effects can be crucial but do not require the use of a fully relativistic method. 

References
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We use two Er+ -
form spectroscopy without moving parts [1]. The measurements are done in real time and take less than 100µs to 
record an interferogram. We work with two femtosecond Er+

lasers, thereby increasing the signal to noise ratio. The interferogram is taken with a 20 cm long gas cell, containing 
a mixture of acetylene and air at atmospheric pressure, and is fast-Fourier-transformed to obtain the spectrum. Dual 
comb spectroscopy has the multiplex advantages over other comb spectroscopies [2]; it requires only a single fast 
photodiode (and not a CCD array) and enables acquiring spectra in real time. We acknowledge Qatar Foundation, 
NPRP grant 09 - 585 - 1 – 087 and the NSF grant No. 1058510.
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We present a theoretical and experimental study of polarization self-rotation of an elliptically polarized light 
for a Doppler-broadened rubidium atomic cell. The accurate density matrix equations are solved numerically as a 
function of velocity and elapsed time. Then, the density matrix elements are averaged over atomic transit times and 
a Maxwell-Boltzmann velocity distribution. We calculate the rotation angle as a function of detuning for various 
laser intensities and polarizations, and compare the calculated results with experimental results. 

 Mo-040 Spectroscopy

Seung Jin Kim, Hoon Yu, Ye Lin Moon, and Jung Bog Kim

We observed high contrast transparency signal in the Rb cell with the buffer gas, 50 torr Ne. We used phase 
matched two co-propagating lasers (CPT laser) which have linearly orthogonal polarization to make CPT state. 

87

-

observe that the transparency signal has more slow decay shape near resonant region due to more decay channels.
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Avoiding laser frequency drifts is a key issue in many atomic physics experiments. Techniques usually involve 
either the generation of dispersive atomic lineshapes through frequency modulation of absorptive lines or using 
differential magnetic shifts of Zeeman sub-levels. Here we describe a simple and robust technique to lock the laser 
frequency using nonlinear properties of an atomic vapor to produce the dispersive signal [1]. The atomic vapor be-

the laser frequency is, thus modifying the beam power transmitted through an aperture after the vapor cell. Scan-
ning the frequency across resonance thus results in a dispersive lineshape that can be used as an error signal to lock 
the laser frequency. This technique exhibits performance similar to usual ones with the advantage of not needing 

Reference 
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The nitrogen-vacancy (NV) color center in diamond consists of a substitutional nitrogen atom in the diamond 
lattice adjacent to a missing carbon atom (a vacancy). The ground state of the negatively charged NV- center can 
be optically spin-polarized and has a long transverse spin relaxation time, which makes it useful for applications 

the recent interest in developing these applications, our understanding of the NV- basic properties is incomplete. 
Theoretical models disagree on the details of the NV- energy level structure and predict additional energy states that 
have not been observed. We have performed broadband absorption spectroscopy out of the metastable 1E NV- state 

provide insight on how NV- singlet states are coupled to phonons and shed light on the energy level structure and 
optical pumping mechanism.
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The principle of photoionization microscopy has been known since the early 80’s [1]. In theory it should allow 
for direct observation one of the most elusive quantum objects - the wave function. Nearly three decades later, with 
the emergency of the velocity map imaging technique [2], we present an experimental proof of this statement. In 

ensures lowering of the potential barrier and leads to autoionization. The ionized electrons are projected on a detec-
tor, where they create interference rings due to the existence of different trajectories to the detector. The number of 
dark fringes equals the parabolic quantum number n1

agree with quantum calculations based on wavepacket propagation. 
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Many atoms and molecules with interesting spectroscopic properties can not be laser cooled owing to their 
complex internal level structure. We present a universal spectroscopy system based on sympathetic cooling of a 
spectroscopy ion through a co-trapped logic ion which is laser cooled [1]. Spectroscopy is performed by monitor-
ing the effect of photon recoil on the motional state of the two-ion crystal. Starting from the motional ground state, 
scattering of photons near the resonance of a spectroscopy transition leads to photon recoil heating which can be 

+ spec-
troscopy and Mg+ logic ion. The use of non-classical motional states to enhance the sensitivity will be discussed. 
The setup is versatile and will allow performing precision spectroscopy of other metal ions relevant to the search 
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We have developed a collection of techniques for generating large disordered distributions of quantized vorti-
ces in highly oblate Bose-Einstein condensates (BECs) for studies of two-dimensional quantum turbulence. In our 
experimental approach, we generateturbulent states by exciting the condensate either through modulating the trap-

developing methods for building up vortex distributions core bycore with control over winding number and vortex 
positions. These vortex manipulation techniques will allow us to study the vortex dynamics and interactions that 
are involved in two-dimensional quantum turbulence. 

Supported by US NSF and US DOE SCGF. 
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By generalizing the Green’s function approach proposed by Beliaev [1, 2], we investigate the effect of quantum 
depletion on the energy spectra of elementary excitations in an F = 1 spinor Bose-Einstein condensate, in particular, 
of 87

in the spin-wave excitations with quadratic dispersion relations. The enhancement factor turns out to be the same 

lifetime of these magnons in a 87Rb spinor BEC is shown to be much longer than that of phonons. We propose an 
experimental setup to measure the effective mass of these magnons in a spinor Bose gas by exploiting the effect of 
a nonlinear dispersion relation on the spatial expansion of a wave packet of transverse magnetization. This type of 
measurement has practical applications, for example, in precision magnetometry. 
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We have experimentally studied the decay of a BEC of metastable 4He atoms in an optical dipole trap, for atoms 
in the m = +1 and m

stat(0.6)sys × 10–27 cm6s–1, which is interesting in the context of 
universal few-body theory. 

In the regime where two- and three-body losses can be neglected, the total number of atoms decays expo-
4

3
 and the 

condensate decays much faster, and non-exponentially [2]. We have observed this behavior [3], which should be 
present for all BECs in thermal equilibrium with a considerable thermal fraction. 
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We investigate universal thermodynamics and quantum criticality of spin-1 bosons with strongly repulsive 
density-density and antiferromagnetic spin-exchange interactions in a one-dimensional harmonic trap. From the 

pairs or a fully spin-aligned Tonks-Girardeau gas depending on the polarization. We describe how the scaling be-

diagram. We further show that at quantum criticality the dynamical critical exponent z = 2 and correlation length 
exponent. v
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We measure the momentum distribution of one-dimensional quasi-BEC using focusing techniques. By varing 
the temperature and density, the crossover from ideal Bose gas to quasi-condensate is probed. We model our data 

in situ
measurements [2]. We also compare our results with Quantum Monte Carlo calculations. 
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Ultracold and quantum degenerate mixtures of two or more atomic species open up many new research av-
enues, including the formation of ultracold heteronuclear ground-state molecules possessing a permanent electric 
dipole moment. The anisotropic, long range dipole-dipole interactions between such molecules offers many poten-
tial applications, including novel schemes for quantum information processing and simulation. Our goal is to create 
ultracold ground-state RbCs molecules using magneto-association on a Feshbach resonance followed by optical 
transfer to the rovibronic ground state. The pre-requisite to this approach is the attainment of a high phase space 

-
est results from our experiment, including the realisation of a quantum degenerate mixture of 87Rband 133Cs [1] and 
a detailed study of the Feshbach spectrum of an ultracold 85Rb–133Cs mixture. 
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Dresselhaus couplings. The phase diagram of the system at T = 0 is discussed with special emphasis to the role of 
-

pling we predict the occurrence of a characteristic tri-critical point separating the spin mixed, the phase separated 
and the zero momentum states of the Bose gas. The corresponding quantum phases are investigated analyzing the 
momentum distribution, the longitudinal and transverse spin-polarization and the emergence of density fringes. The 
effect of harmonic trapping as well as the role of the breaking of spin symmetry in the interaction Hamiltonian are 
also discussed. 
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The stability of the half-quantized vortex lattice in the rotating spin-1 antiferromagnetic Bose- Einstein con-

-
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We demonstrate the trapping of a 87Rb Bose-Einstein condensate in a very anisotropic radio-frequency (RF) 

blue detuned laser, carefully optimized to overcome Majorana losses [1]. Once condensed, the atoms are transferred 
to the dressed trap by sweeping the RF frequency and removing slowly the plug laser. In the dressed trap, the RF 
coupling is precisely determined by spectroscopy and the lifetime of the dressed atoms reaches several minutes. 

the achievement of a highly anisotropic trap. For the maximum value of the magnetic gradient, we reach the two-
dimensional regime for the degenerate gas. 

Our results represent an important step towards the realization of a ring-shape trap [2] where we will investigate 
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Quantum and thermal transitions out of the 

pair-supersolid phase of two-species bosons in lattice

Chia-Min Chung, Shiang Fang, and Pochung Chen*

 

We investigate two-species bosons in a two-dimensional square lattice by quantum Monte Carlo method. We 
show that the inter-species attraction and nearest-neighbor intra-species repulsion results in the pair-supersolid 

-
litz-Thouless transition then the solid order melts via an Ising transition. 
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4He at low temperature [1] suggests the existence 
of a supersolid state of matter, i.e. a crystalline phase performing Bose-Einstein condensation (BEC). Although the 

still lacking, since it is hard to describe the competing effects of localization, due to the crystalline order, and delo-
calization, due to the zero-point motion, which characterize the atoms in quantum solids. In this work, we present 
a microscopic approach to the solid phase of 4He, based on Path Integral Monte Carlo simulations. In particular, 
we compute the one-body density matrix 1(r) of 4He crystals at different temperatures, in order to study the BEC 

presenting vacancies below a certain temperature become supersolid [3]. 
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We study resonant Bose-Fermi mixtures at zero temperature, with different relative concentrations of the bo-

system from the weak to the strong coupling limit. A repulsive interaction among bosons is introduced to provide 
stability to the bosonic component. Beyond the unitarity limit, the resonant attractive interaction supports a bound 
fermionic dimer. At the many-body level, increasing the boson-fermion coupling the system undergoes a quantum 
phase transition from a state with condensed bosons immersed in a Fermi sea, to a normal Fermi-Fermi mixture 
of the composite fermions and the bare fermions in excess. We obtain the equation of state and we characterize 
the momentum distributions both in the weakly and in the strongly interacting limits. We compare QuantumMonte 
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v = 2k
(RR) series in spin-polarized systems, a series of non-Abelian spin singlet (NASS) states is known, being the exact 
zero-energy eigenstates of a (k + 1)-body contact interaction. Explicit calculations reveal the relevance of these 
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-

affects the cloud of condensed atoms by characterizing the ground-state density and the coherence properties of 

approximation, the atomic density can become anisotropic. This anisotropic effect is especially pronounced in the 
limit of weak atom-atom interactions and of weak lattice amplitudes, i.e., when the properties of the ground state 

-
trapped case. In particular, we focus on the behavior of the antiferromagnetic vortex-antivortex order, which for the 
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Anderson Localization1

theory of weak localisation was in explaining the puzzle of negative magneto-resistance2 – as early as the 1940s it 
had been observed that electron diffusion rates in some materials can increase with the application of a magnetic 

been demonstrated in one dimensional ultra-cold atomic gases3. We present a theoretical demonstration of weak 

be imposed on the gas using the scheme of Spielman4. We show that this can lead to both positive and negative 
magneto-resistance in the gas and provide an in-depth analysis of the resulting phases.
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Faraday rotation has a long and fruitful history in atomic physics and quantum optics. It describes the rotation 
of the polarization of a light beam as it passes through a medium. The effect has been employed very successfully 
in atomic gases at room temperature and in laser cooled atomic ensembles, resulting in e.g. squeezing and entangle-
ment of atomic spins and for quantum information protocols. 

Here we demonstrate the use of Faraday rotation to non-destructively image ultra cold atomic clouds and Bose-
Einstein condensates. We show that dark ground Faraday imaging allows us to take many images of a single ultra 
cold cloud and present a detailed analysis of the destructiveness. This ability allows us to monitor e.g. the condensa-
tion process or the inherent oscillation of these atomic samples in a single experimental realization. 

Our experiments are performed with ultra cold 87Rb samples using light at a blue detuning of 0-1.5 GHz from 
the D2 transition. We present the laser system to generate the off-resonant light and show that we have obtained 
good quantitative agreement between the observed and predicted Faraday rotation both in room temperature and 
ultra cold samples. 

In the future we will extend this technique to high resolution imaging of atomic samples in optical lattices and 
to multi component quantum gases. This will allow for probing and control of these systems beyond the quantum 
noise level. 
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tool for ab initio studies of (quasi-)one-dimensional weakly-interacting Bose gases (supplemented here by self-con-
sistent treatment of radially-excited thermal modes). In the regime  <  we show [1] that this model accurately 

the regime  < few -
tuation experiments in the group of Alain Aspect (PRL 2003; EPJD 2005). We acknowledge funding from EPSRC 
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Understanding non-equilibrium processes in many-body quantum systems is an important open problem in 
physics. We study the relaxation dynamics of a coherently split one-dimensional Bose gas on an atom chip by per-
forming time-resolved measurements of the probability distribution function of matter-wave interferences. After 
(fast) splitting, the system follows a rapid evolution before reaching a quasi-steady state. This state is characterized 
by an effective temperature for the condensates relative phase degrees of freedom, which we observe to be inde-

-
responding to the splitting process. We do not observe the onset of thermalization on the time-scale achievable by 
our experiment, and associate this relaxation dynamics with the phenomenon of pre-thermalization. We will report 
our new results for the dynamics of a system with tunnel coupling bewteen the two parts of the split condensate. 
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Using the concept of global variables to describe the thermodynamic properties of a trapped Bose-Einstein 
7Li held in an optical 

trap in an almost 1D regime, was employed to explore the contributions of the condensate and the thermal clouds 
to the overall pressure of the system. Different scattering lengths were considered and we could demonstrate the 
dominance of the condensate contribution for T<<Tc. In a second experiment, we have used a BEC of 87Rb trapped 
in a hybrid trap, composed by the combination of a magnetic and an optical trap. In this type of trap it is possible 
to vary the geometry of the system, going from an almost spherical BEC to a very elongated cigar-shaped one, 
providing the possibility to study different regimes. One of the studies in progress is the investigation of the ther-
modynamic transformations of the condensate as well as the determination of the order of the BEC transition for 
an inhomogeneous trapped gas.
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Atom chips give promising access to tailored axial potentials for one-dimensional (1D) gases by employing 
-

behaves rather differently in a box when compared to a harmonic trap [2]. Furthermore, homogeneity of the atomic 
density along the 1D axis allows a closer comparison to exact theoretical treatments, without the need for the local-
density approximation. We characterise the loading of 1D Bose gases near quantum degeneracy in the box trap and 

regime by reducing the density are investigated. 
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We studied a single charged quantized vortex dipole in a dipolar Bose Einstein Condensate (BEC) in the 
Thomas Fermi (TF) limit. We calculated the critical velocity for the formation of a pair of vortices with opposite 
charge in an oblate dipolar BEC. We made a comparision between the critical velocities of dipolar and nondipolar 
condensates. The dependence of the critical velocity on the dipolar interaction strength and vortex seperation was 

properties of BEC. 
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systems with spin [1,2]. Atoms with arbitrary Zeeman structure can be trapped by far-detuned optical traps. In our 
group, we construct an all-optical setup in order to study spin 1 condensates in sodium gases. We achieved to reach 
Bose-Einstein condensation regime by MOT pre-cooling and two-stages evaporative cooling, with about 5000 at-

works for us. 
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and temperature modulations in the non-condensed and condensate fractions of an ultra-cold bosonic gas. There is a 

never seen been experimentally. To investigate the dispersion relation of these modes, two approaches are followed. 
First, a perturbation is made in the potential creating a travelling sound wave1. In a second experiment, a stand-
ing sound wave is induced by periodically modulating the trapping potential. Using phase-contrast imaging2 and 
singular value decomposition, the speed of sound and the dispersion relation are extracted from these experiments. 
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We report on our preliminary results of a toroidal trap for BEC of 87Rb using time averaged optical potentials 
[1]. Our apparatus consists of a crossed dipole trap formed by two focused beams of 1064 nm light overlapping in 
the horizontal plane. Atoms are initially loaded to a single beam dipole trap from a standard 3D-MOT. Evapora-

second orthogonal beam [2]. We achieve nearly pure condensates of 104 atoms in the F = 1 ground state. Spin state 
selection is achieved via application of magnetic gradients during the evaporation. The toroidal trap is formed from 

light sheet. 
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Motivated by a recent experiment (Catani J. et al., Phys. Rev. A, 85 (2012) 023623) we study breathing oscil-
lations in the width of a harmonically trapped impurity interacting with a separately trapped Bose gas. We provide 
an intuitive physical picture of such dynamics at zero temperature, using a time-dependent variational approach. 
The amplitudes of breathing oscillations are suppressed by self-trapping, due to interactions with the Bose gas. 
Further, exciting phonons in the Bose gas leads to damped oscillations and non-Markovian dynamics of the width 
of the impurity, the degree of which can be engineered through controllable parameters. Our results, supported by 
simulations, reproduce the main features of the dynamics observed by Catani et al. despite the temperature of that 
experiment. Moreover, we predict novel effects at lower temperatures due to self-trapping and the inhomogeneity 
of the trapped Bose gas.
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Arbitrary engineering of a Bose-Einstein condensate’s (BEC’s) quantum state at the healing-length scale has 
many applications across ultracold atomic science, including atom interferometry [1], quantum simulation and em-
ulation [2,3] and topological quantum computing [4]. However, to date the BEC wavefunction is most commonly 
manipulated with laser light, which is diffraction limited. Here we present a scheme, based upon radiofrequency 

the BEC order parameter at the healing-length scale. 
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The spin Hall effect is a phenomenom that couples spin current to particle current via spin-orbit coupling. 
The effect may be used to develop useful devices for spintronics, which may have advantages over corresponding 
conventional electronic devices. In addition, the spin-Hall effect is intimately related to certain types of topologi-
cal insulators. Spin-orbit coupling in an ultracold bosonic sample of 87Rb has been demonstrated [1]. We now use 

ultracold atom system. 
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The dark solitons have been observed in BEC experiments. They are stable in 1D, but collapse in higher di-
mensions [1]. The existence of the zero and adjoint modes is known in the Bogoliubov-de Gennes (BdG) analysis, 

Goldstone mode, and the adjoint mode ensures thecompleteness of the set of eigenfunctions. In the case of the 
single-component system for which a translational symmetry is broken explicitly, there is only one zero mode. 
The roles of this zero and its adjoint modes are to translate the phase of condensate and to conserve the number of 
condensate, respectively evortex. We consider the case where the soliton exists in BEC and therefore a translational 
symmetry is spontaneously broken. Then the BdG equation has two pairs of the zero and adjoint modes, associated 
with the phase and translational symmetries. We discuss their roles in the dynamics of dark soliton. 
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The coherent nature of Bose-Einstein condensates has led to new and rapid developments in atom optics and 
studies on coherent interaction between light and matter waves. Superradiant Rayleigh scattering in a Bose gas 
released from an optical lattice is analyzed with incident light pumping at the Bragg angle for resonant light dif-

clearly leads to suppression of the latter at even relatively low lattice depths. A quantum light-matter interaction 

waves, we show a method to measure the global coherence function in a Bose gas loaded in a 1D optical lattice with 
a resolution of one lattice spacing [2].

References 
[1] T. Vogt, B. Lu, X. Liu, X. Xu, X. J. Zhou and X. Z. Chen, Phys. Rev. A 83 053603 (2011).
[2] B. Lu, T. Vogt, X. Liu, X. Xu, X. J. Zhou, and X. Z. Chen, Phys. Rev. A 83, 051608(R) (2011).

Bose gases Mo-074

M. W. Ray and D. S. Hall*

Department of Physics, Amherst College, Amherst, MA, USA  
*dshall@amherst.edu 

We present experimental studies of the nucleation of small numbers of vortices in a Bose-Einstein Condensate. 
The vortices are nucleated in a rotating frame during evaporative cooling of the system, and using extraction imag-

created with a set number of vortices determined by the rotation frequency when passing through the BEC transi-
tion. After the condensate begins to form, we observe that additional vortices cannot be added to the system unless 
the rotation drives a collective mode of the condensate. We also observe that when multiple vortices are formed, 
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We measure the non-equilibrium quantum dynamics of a spin-1 Bose condensate, which exhibits Josephson 
-

dulum. The condensate is initialized to a minimum uncertainty spin state corresponding to a unstable (hyperbolic) 

early times, we measure squeezing in spin-nematic variables up to –8 dB [1]. At intermediate times, we measure 
spin oscillations characterized by non-Gaussian probability distributions that are in good agreement with exact 

larger spin oscillation amplitudes compared to no loss case as orbits depart from the separatrix [2]. This experiment 
demonstrates how decoherence of a many-body system can result in more apparent coherent behavior. 
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We study the growth dynamics of ordered structures of strongly interacting polar molecules in optical lattices. 
-

ing ground states with crystalline order, and describe a way to prepare these states by non-adiabatically driving the 
transitions between molecular rotational levels. The proposed technique bypasses the need to cross a phase transi-
tion and allows for the creation of ordered domains of considerably larger size compared to approaches relying on 
adiabatic preparation. 

We discuss the possibilities to use the dipole blockade of microwave excitations to create dissipation-induced 
bound states of polar molecules, and to cool an ultracold gas directly into a strongly-interacting many-body phase. 
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We study thermodynamic properties of a gas of spin 3 52Cr atoms across Bose Einstein condensation. Magneti-
zation is free, due to dipole-dipole interactions. We show that the critical temperature for condensation is lowered 

non-ferromagnetic phase is favoured due to spin dependent contact interactions [2]. We measure the magnetization 
of the gas versus the temperature; our results are compatible with predictions made respectively for a non-interact-

case we obtain a hint for a double phase transition as predicted in [3]. In addition we demonstrate above Bc a spin 
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-
tional atomic species belonging to the lanthanide series possesses a large magnetic moment of seven Bohr magne-
ton, making this species an ideal system for studying novel quantum phenomena arising from strong dipole-dipole 
interaction. Atoms captured in a magneto-optical trap operating on the intercombination line are directly loaded 

achieve a pure condensate containing 7 × 104 atoms. In addition, a Feshbach resonance found at a very low mag-

close to zero, we observe a d-wave collapse of the Bose-Einstein condensate, which provides a striking signature of 
strongly dipolar quantum gases, as previously shown in the Stuttgart experiment for chromium.
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In recent years, increasing interest is devoted to the physics of ultracold gases with dipole-dipole interactions. 
We study the quantum phases and the hysteresis behavior of a dipolar Bose gas loaded into a triangular optical lat-

r3) and the frustrated geometry provides 

-
tem exhibits an anomalous hysteresis behavior, in which the transition can occur only unidirectionally [2], in the 
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Ultracold LiCs molecules in the absolute ground state X1 +

photo-association step [1]. The dipole moment of ground state levels has been determined and was found to be 
in excellent agreement with theoretical predictions [2,3]. We present also the creation of LiCs molecules directly 

cesium atoms are measured and the results are compared with predictions from the universal model of Idziaszek 
and Julienne [5]. We will also show experimental evidence for the occurrence of redistribution processes of internal 
states in a trapped sample of ultracold LiCs molecules driven by black-body radiation and spontaneous decay [6].
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We describe the formation of fermionic NaLi Feshbach molecules from an ultracold mixture of bosonic 23Na 
and fermionic 6 -

-
ber of 5 × 104. The observed molecular decay lifetime is 1.3 ms after removing free Li and Na atoms from the trap. 

Reference 
[1] M.-S. Heo et al.
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YuanYao Lin* and Ray-Kuang Lee

 

With the long-ranged dipole-dipole interaction, in this work, we investigate the formation of periodic soliton 
solutions, named as the soliton lattices, in both quasi-one- and two-dimensional dipolar Bose-Einstein conden-

-
tons can be formed in the lattice structure, which reveals a lower system Hamiltonian energy than that of isolated 
solitons. Moreover, the parameters space to support the therefore formed crystallized structure is characterized for 
the possible experimental realizations. 
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The coupling of the spin of electrons to their motional state lies at the heart of recently discovered topological 
phases of matter. We create and detect spin-orbit coupling in an atomic Fermi gas, a highly controllable form of 
quantum degenerate matter. We reveal the spin-orbit gap via spin-injection spectroscopy, which characterizes the 
energy-momentum dispersion and spin composition of the quantum states. For energies within the spin-orbit gap, 
the system acts as a spin diode. To fully inhibit transport, we open an additional spin gap, thereby creating a spin-
orbit coupled lattice whose spinful band structure we probe. In the presence of s-wave interactions, such systems 

Reference 
[1] L. W. Cheuk et al.
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Ultracold fermionic gases are an ideal model system for the study of quantum many-body phenomena. Of 

Kosterlitz-Thouless-type transitions. 
Here we present our new experimental setup aimed at studying two-dimensional strongly interacting Fermi 

gases. Lithium atoms are cooled all-optically using an in vacuo bow-tie resonator for high transfer and cooling ef-

local readout and control. The present status of the experiment will be shown. 
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-
voirs [1] have recently extended the concept of quantum simulation to mesoscopic physics. We report on a theo-
retical study [2] of such a setup, where the channel and the reservoirs consist of optical lattices. We describe the 

couplings — using the Landauer formalism and non-equilibrium Green’s functions. Our detailed analysis reveals 
-
-

actions between the fermions. As a result of the high control and slow dynamics of the equilibration process these 
new systems provide a versatile testbed for studying quantum transport. 
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kFa = 0) when the 
mass of the two components is different. To this end, we have carried out extensive calculations of the microscopic 
properties of the gas as a function of the mass ratio of heavy M to light m -
sion Monte Carlo method. This method has been used previously to characterize the unitary limit predicting results 
in close agreement with experiment [1]. Now, we extend our study to the case of different masses. Our many-body 
results show that the Fermi gas in this particular limit becomes unstable with respect to the formation of clusters 
when M m
This interesting result is elucidated by analyzing the shape of the nodal surface of the three-body problem. 
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and dimeronic branches
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We study the problem of a single impurity of mass M immersed in a Fermi sea of particles of mass m [1]. The 
impurity and the fermions interact through a s-wave narrow Feshbach resonance, so that the Feshbach length R* 
naturally appears in the system. We use simple variational ansatz, limited to at most one pair of particle-hole ex-
citations of the Fermi sea and we determine for the polaronic and dimeronic branches the phase diagram between 
absolute ground state, local minimum, thermodynamically unstable regions (with negative effective mass), and re-
gions of complex energies (with negative imaginary part). We also determine the closed channel population which 
is experimentally accessible. Finally we identify a non-trivial weakly attractive limit where analytical results can be 
obtained, in particular for the crossing point between the polaronic and dimeronic energy branches. 

Reference 
[1] Christian Trefzger, Yvan Castin 
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The Q-function for bosons allows all possible observables to be obtained from a unique positive probability 
distribution. This means that bosonic coherence and correlations can be readily obtained in a probabilistic way. 
We show that a Q-function is also possible for fermions, which can generate all moments and correlations in one 
distribution. This requires an approach that is more general than the Gilmore-Perelemov fermion coherent state. 
We obtain a Q-function by tracing SU(N) Gaussian operators combined with a Haar measure and a fermion density 

-
mionic states. This complements previous results on a fermionic P-function [1], which has been successfully used 
to calculate the ground-state of the Hubbard model [2]. We investigate approaches to calculating and measuring the 
fermionic Q-function, including computational methods and tomographic experiments. 

References 
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We theoretically investigate the topological aspects of spin-orbit coupled Fermi gases under a Zeeman magnetic 

non-topological domains, suchas the edge and the singular vortex core [1]. Based on the Bogoliubov-de Gennes 

system composed of quantum wire and S-wave superconductor. We also clarify the structure of chiral Majorana 
fermions inside the vortex core in the vicinity of the topological phase transition. The distinction from the results 
obtained in a spin-polarized Fermi gas with a p-wave Feshbach resonance [2] is discussed. 

References 
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-
surements of the local compressibility, density and pressure down to near-zero entropy. We perform the measure-
ments by in-situ imaging of ultracold 6Li at a Feshbach resonance. Our data completely determine the universal 

is observed in the compressibility, the chemical potential, theentropy, and the heat capacity. In particular, the heat 
capacity displays a characteristic lambda-like feature at the critical temperature of Tc TF = 0.167(13). This is the 

NEF

to recent Monte-Carlo calculations. Our measurements provide a benchmark for many-body theories on strongly 
interacting fermions, relevant for problems ranging from high-temperature superconductivity to the equation of 
state of neutron stars. 
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spin and down-spin particles and the spin excitation has a gap, which is attributed to the appearance of fermionic 

to normal states with spin currents. We analyze cases of Fermi-Hubbard and Yang-Gaudin models, and show how 

Reference 
[1] S. Uchino and N. Kawakami, Phys. Rev. A 85, 013610 (2012). 
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Measuring the collective oscillation frequencies of a trapped atomic gas is a useful tool to probe its thermody-
namic properties. Previously, this technique was performed only with the lowest order collective modes, namely 
the surface modes (e.g. sloshing and quadrupole modes), and the breathing modes. Higher longitudinal modes with 
richer nodal structures inside
modes. Here, we present our study on the higher longitudinal collective modes in an elongated cloud of a Fermi gas 
with unitarity-limited interactions. Unlike the lowest order modes which are temperature independent, these modes 
can be used to probe the Equation of State (EoS) of the gas at higher temperatures. We performed precise measure-
ment of the oscillation frequencies, and observed a good agreement between our measurements and the predictions 
using the EoS measured by the MIT group [1]. 
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A degenerate gas of fermionic atoms at its Feshbach resonance provides a clean and versatile system to study 

crossed dipole trap below a microfabricated chip. The chip provides a tight magnetic trap for the initial stage of 

and microwaves to manipulate the atoms. We will discuss several improvements to our apparatus, and report on our 
progress towards strongly interacting gases. 
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Steady-state momentum and coordinate distributions of two-level atoms under a standing light wave are ex-

the maxima of the optical lattice potential. The qualitative interpretation of the results is given. The result provides 
throwing light on some features of atomic kinetics under strong light waves and may be found useful in atomic 
optics and nanolithography.

Reference 
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A proof-of-principle experiment simulating effects predicted by relativistic wave equations with ultracold at-
oms in a bichromatic optical lattice that allows for a tailoring of the dispersion relation is reported [1]. In this lattice, 

can show that the dynamicscan be described by an effective one-dimensional Dirac equation [2]. 
We experimentally observe the analog of Klein-Tunneling, the penetration of relativistic particles through a 

potential barrier without the exponential damping that is characteristic for nonrelativistic quantum tunneling [3]. 

transmission is only observed for the relativistic case. 
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Absolute temperature is one of the central concepts in statistical mechanics and is usually described as being 
strictly non-negative. However, in systems with an upper energy bound, also negative temperature states can be 
realized. In these states, the occupation probability of each basis state increases with energy. So far, they have been 
demonstrated only for localized degrees of freedom such as the spin of nuclei or atoms [1,2]. By using a Feshbach 
resonance in bosonic 39K, we implemented the attractive Bose-Hubbard model in a three-dimensional optical lat-
tice. Following a recent proposal [3,4], we were able to create a negative temperature state for motional degrees of 
freedom, strikingly resulting in a condensate at the upper band edge of the lowest band. This attractively interacting 

We additionally investigated the characteristic timescale for the emergence of coherence in the ensemble, and found 
an intriguing symmetry between the negative temperature and positive temperature state. 
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[1] A. S. Oja et al., Rev. Mod. Phys. 69, 1 (1997). 
[2] P. Medley et al., Phys. Rev. Lett. 106, 195301 (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 
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We theoretically study the stationary states for the nonlinear Schrödinger equation on the Fibonacci lattice 
which is expected to be realized by Bose-Einstein condensates loaded into an optical lattice. Such a quasiperiodic 
system is realizable by using recently developed method for creating potentials through a holographic mask [1]. 
When the model does not have a nonlinear term, the wavefunctions and the spectrum are known to show fractal 
structures [2]. Such wavefunctions are called critical. 

In our study, we numerically solve the nonlinear Schrödinger equation on the one-dimensional Fibonacci lat-
tice and propose some mathematical theorems to present a phase diagram of the energy spectrum for varying the 
nonlinearity. The phase diagram consists of three portions, a forbidden region, the spectrum of critical states, and 
the spectrum of stationary solitons. Critical states are considered fragile in perturbations in general. However, we 
show that the energy spectrum of critical states remains intact irrespective of the nonlinearity in the sea of a large 
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Recent experiments [1, 2, 3] have intensively investigated the transport of 1D Bose gases in optical lattices 

of phase slips by means of both analytical instanton techniques and numerically exact time-evolving block decima-

p L ∝ p2K – 2 when p << d, where L, K, and d denote the system 
size, the Luttinger parameter, and the lattice spacing [4]. To make a connection with the experiments, we relate the 
nucleation rate with the damping rate of dipole oscillations in a trapped system, which is a typical experimental 
observable [1, 2], and show that the suppression of the transport in 1D is due to quantum phase slips. We also sug-
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Spontaneous four wave mixing (SFWM) of matter waves is a source of non-classical atomic pair states, similar 
-

through SFWM in free space. Using a scheme similar to [3], we perform here SFWM in a moving 1D optical lattice, 

momenta are precisely tunable. The ability to control the beam population makes this source suitable for a variety 
of quantum atom optics experiments, in the limit of either highor low mode population. We study the beams’ cor-
relation properties, which are crucial for such applications. 
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-
cal lattice by analyzing the Bose-Hubbard model within the time-dependent Gutzwiller approximation. Applying 
a linear response theory, we calculate the density response functions of Bose-Bose mixtures in SF, PSF, and CFSF 

out-of-phase mode for the repulsive interspecies interaction. 
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where both the atom-light coupling and the effective detuning are spatially periodic. We explore the geometric 

show how to understand the gauge-dependent Aharonov-Bohm singularities in the vector potential, and calculate 

ex, and ey along with a single beam along 
ez

Thus armed with realistic laser setup, we directly compute the Chern number of the lowest Bloch band to identify 
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A key challenge in current experiments with ultracold atoms is to produce low entropy many-body states in 
optical lattices. In this context, it is very important to characterize and control heating processes, which arise from 

are intrinsically interesting, as there often a separation of timescales between some excitations that thermalize rap-
idly, and some that do not properly thermalize in the duration of an experimental run, so that the non-equilibrium 

lattice scheme could provide control over such noise for atoms in the lowest Bloch band of a lattice. We then present 
results on the thermalization of bosons in an optical lattice in the presence of spontaneous emissions. 
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We report measurements of reservoir-assisted decay of atoms in excited bands in a cubic, spin-dependent opti-
cal lattice. We adiabatically load a 87Rb BEC in a mixture of mF = 0 and mF = – 1 states into a 3D lattice. Atoms in 
the mF = – 1 state experience a strong lattice potential. On the contrary, atoms in the mF = 0 state form a harmoni-

induced by collisions with the reservoir.
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Multi-particle cluster state was successfully created for rubidium atoms, by using an electronic spin dependent 
potential[1]. Creation of the cluster state for nuclear spin is desirable because of its long coherence time. Here we 
present a method to create a cluster state for nuclear spins of 171Yb atoms by using ultra-narrow optical transition 
(1S0

3P2,  = 507nm). While this transition has an extremely narrow line-width of 10mHz, our calculation says a 
potential depth of 10 K can be created using laser power of 100mW, where the detuning and the beam waist are set 
to 150kHz and 30 m, respectively. Since the 3P2

is dependent on the nuclear spin state. We experimentally generated 507nm of the second harmonic light using a 

Obtained power of the second harmonic light was 150mW which is enough to implement our plan. 
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We investigate laser spectra of bosonic 174Yb atoms in a three dimensional optical lattice both theoretically and 
experimentally. With the aid of a ultra-narrow optical transition of the Yb atoms [1], high-resolution spectra are sys-

-
termine parameters of the bosonic Hubbard model with the ab initio manner; then, analyze this model based on the 

the spectra change depending on both temperatures and lattice depths. By comparing the numerical results with the 
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Many intriguing phenomena such as Mott insulator and antiferromagnetism have been observed in the cold 
fermion gas systems in the optical lattice. They are well described by the Hubbard model, whose numerical analy-
ses are performed in various ways, e.g. Gutzwiller anzatz, density matrix renormalization, and quantum Monte 
Carlo methods and so on. Recent advance in experimental technique made it feasible to perform more complicated 
experiment. Fermion dynamics is slower than boson one due to the Pauli blocking, so the observation of Mott in-

and perform numerical simulation with Gutzwiller anzatz. We calculate various observable quantities and compare 
them to experiments [1, 2]. In addition, we discuss the time scale of the diffusion and propose a possible method in 
which the observation of Mott insulator transition in experiments is easier.
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We present a zero-temperature quantum Monte Carlo calculation of a system of hard-rods trapped in a purely 
1D optical lattice by means of a diffusion Monte Carlo calculation. This method provides a continuous treatment of 
the positions contrarily to the widely extended Bose-Hubbard (BH) models allowing for a direct comparison both 
with BH models and experimental results [1]. We shall analyze the phase-structure of the model and characterize 

based on an extension of the winding number technique to zero temperature [2], although its meaning in a purely 
1D system is yet unclear. The off-diagonal one body density matrix shall be used to argue the nature of this non-
isolating phase. 
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Spatial control of on-site interaction within ultracold atomic optical lattices is realized in recent experiment [1]. 
We focus on simple systems with spatially alternating on-site intaractions. We present a phase diagram of 1D fer-
mionic optical lattices with spatially alternating on-site interaction by using density matrix renormalization group 
(DMRG) method. Our model is described by simple Hubbard model with spatially alternating on-site interaction 
U1 and U2

binding-energy. Phase diagram shows gradually changing as a function of spatially alternating interaction i.e., we 

calculate dynamical properties by using dynamical DMRG method [2]. We present multiple band structure due 
to the U1 U2

structure.
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We will present our experimental observation of entanglement of two effectively meter distant atomic qubits 

ions that are Doppler cooled in the Lamb-Dicke regime. Ensuring that the two possible emission paths are indistin-
guishable at a single photon counter, we show that a single detection event projects the two-ion state into a maxi-
mally entangled Bell state [2]. We also demonstrate that we can control the phase of the entangled states by tuning 
the path length difference between the two photonic channels.

A two orders of magnitude increase in the entanglement generation rate was measured compared to remote 

quantum information over long distances using trapped ion architectures.
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Two single Ca+ ions interact over 1 m distance through emission and absorption of single resonant photons. 
Single-photon emission in the sender ion is continuous or triggered; absorption in the receiver is signaled by a quan-
tum jump. For continuous emission of photons at 393 nm, the sender ion is driven by lasers such that the short-lived 
P  level is populated. Decay to the S

 state. We 
observe such quantum jumps at up to 1 s-1 rate. For pulsed photon generation, the sender ion is optically pumped to 
the D  state. Then a laser pulse at 854 nm excites it to the short-lived P  level, releasing a single photon at 393 nm. 
Frequency, polarization, and temporal shape of the 393 nm photon are controlled by the exciting pulses. Correlation 
analysis of the pulsed photon generation and the quantum jumps is currently underway.
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We are developing setups for quantum information processing, simulation, and state engineering with trapped 
atomic ions. We will trap beryllium and calcium ions simultaneously in segmented linear Paul traps. One system 
is optimised for quantum control and separation of ion strings. The second setup is a micro-scale surface-electrode 
trap operating at 4K. In-vacuum high-speed switches allow ultra-fast ion shuttling. For Be+ we have developed a 
7.2W source at 626nm, using sum-frequency generation; this is further frequency doubled with BBO crystals in 
resonant cavities. The lasers required for Ca+ -
nesses up to 290 000. Fluorescence is detected from both ion species with high NA imaging systems, designed with 
in-vacuum objective lenses. A custom high-speed FPGA control system is under-development that will be used to 
generate phase-coherent pulses. 
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It is well known that ultranarrow electromagnetically induced transparency (EIT) resonances can be observed 
3S1

3P1 transition [1]. We report the experi-
mental observation of another type of ultranarrow resonance, even slightly narrower than the EIT one, in the same 
system. It is shown to be due to coherent population oscillations in two coupled open two-level systems [2]. We also 
explore the physics of the 23S1

3P0 -

coupling power. In the second case, we observe destructive interference between the two dark resonances inducinga 
narrow absorption resonance at the line center [3]. 
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with total angular momentum j
are affected homogeneously. The inhomogeneous evolution of the atoms causes decoherence, but this decoherence 

atoms. The resulting lifetime of the RFF qubit can be many days, making RFF qubits of this kind promising candi-
6Li atoms trapped in a 

CO2
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Mesoscopic ensembles of strongly interacting ultracold atoms trapped in optical lattices or in optical dipole trap 
arrays are promising candidates to implement a large-scale quantum register. Quantum information can be encoded 
in the collective states of atomic ensembles and processed by quantum logic gates exploiting Rydberg blockade 
of the laser excitation. If dipole traps or optical lattices are loaded from a cold atom cloud, the number of atoms in 
each site is random. Therefore, the frequency of Rabi oscillations between collective states of the atomic ensembles 

operations. We propose to use adiabatic passage to overcome the dependence of the Rabi frequency on the number 
of interacting atoms [1]. We show that both deterministic excitation of a single Rydberg atom and controlled-phase 
quantum gates can be implemented using chirped excitation or STIRAP in mesoscopic ensembles with unknown 

with randomly loaded ensembles.
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Quantum networks are at the heart of quantum communication and distributed quantum computing. Single 
atoms trapped in optical resonators are ideally suited as universal quantum network nodes capable of sending, 
receiving, storing, and releasing photonic quantum information. The reversible exchange of quantum information 
between such single-atom cavity nodes is achieved by the coherent exchange of single photons. Here we present the 

-
mote, independent laboratories [1]. We demonstrate the faithful transfer of arbitrary quantum states and the creation 

states and manipulate the nonlocal state via unitary operations applied locally at one of the nodes. This cavity-based 
approach to quantum networking offers a clear perspective for scalability.
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We propose a cavity-based scheme for parallel spatially multimode quantum memory for light. A memory cell 
analogous to the previously proposed quantum volume hologram of [1] is placed into spatially multimode single-
port ring cavity. The cell is illuminated with off-resonant counter-propagating quantum signal wave and strong 

of freedom, and evaluate memory capacity in terms of the transverse modes number. We also describe a method 
of “on-demand”, or addressable retrieval from the memory of quantized spatial modes, which is important [2] for 
application of memory in quantum repeaters. 
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in the ground state manifold of 43Ca+ using an in-house designed and microfabricated surface ion trap. The trap 
incorporates integrated microwave waveguide resonators to drive the qubit transitions at 3.2 GHz. We intend to 

as recently demonstrated [1]. Preliminary results indicate that the trap has a heating rate amongst the lowest mea-
sured in a surface trap at room temperature, and that the qubit has a coherence time of order 10 s. 

Secondly, we are aiming to implement a two-qubit gate using two different isotopes of calcium (40Ca+ and 
43Ca+) in a macroscopic linear Paul trap. The isotope shift (~ 1 GHz) allows us to individually address the two ions. 
Transitions are driven by two Raman lasers which manipulate both isotopes with low scattering error and high Rabi 
frequency [2]. We have achieved Raman sideband cooling close to the ground state ( n < .0 1 ) and simultaneous 
readout on both isotopes. 
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We investigate the resource power of general quantum correlations [1] (as measured by the geometric discord 
[2]) versus entanglement in a class of cat-like states  of a two-level atom and a harmonic oscillator. The entangle-
ment in these states can reach the maximum while the geometric discord is limited by the temperature T of the 
oscillator. We design two hybrid communication protocols that take advantage of either resource. One is a teleporta-
tion scheme where Bob teleports an unknown atomic state to Alice, via the shared resource 
unity for any T. The second is a remote state preparation protocol where Alice can measure the atom to remotely 

decreasing with increasing T. We conclude that quantumness of correlations and entanglement are truly different 
resources, and different communication scenarios can exploit one ignoring the other, and vice versa. 
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We study the time evolution of Bell-CHSH functions for a spin-oscillator cat-like state evolving according to 

frequency of the Brownian bath is much smaller than the natural oscillation frequency of the oscillator, i.e. in the 
regime that would correspond to a strong non-Markovian limit. In this case, large-amplitude revival peaks are 
found, showing the kick-back mechanism that the memory-keeping environment can exert over the system. In the 

nonmonotonic decay of the Bell-CHSH function. Yet, such dynamics is nondivisible and as such it deviates from 
the prescriptions commonly accepted for Markovianity. 
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(ASE) from the ensemble when all ions are in the excited state, and the RASE rephasing process, once an emis-
sion has been detected and the population of the ensemble has been inverted. The optimal optical depth of the ion 
ensemble is found to maximise the production of single-photon states while minimising multi-photon production, 
and also to maximise the probability of a rephased photon being emitted. This will be used to chose an operating 

is also calculated. 
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It is demonstrated that genuine random numbers can be generated from a system consisting of two entangled 
atoms (ions) [1]. This nonlocal system can be characterized as a bipartite binary input and binary output box [2]. 
Due to the irreducible randomness intrinsic to a quantum system, the relationship between inputs and outputs is 
characterized by a conditional joint probability distribution P(ab | xy), which is determined by the quantum state 
and measurement setups. Notably, toavoid superluminal (fast-than-light) communication, a nonlocal box does not 
allow signaling. Our work shows that one can use correlation functions to produce all the probability distribution 
of a nonsignaling box. As a result, the number of independent parameters (the dimension) of a nonsignaling box is 
the number of its correlation functions. 
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Spontaneous emission and the inelastic scattering of photons are two natural processes usually associated with 
decoherence and the reduction in the capacity to process quantum information. Here [1] we show that, when suit-

-
tion in the emitting qubits while protecting them from deleterious dissipative effects. We exemplify this by showing 
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The strong measurement of a quantum state is a non-reversible process that projects the system onto the ei-
genstates. Therefore, it is generally not possible to reconstruct the state prior to the measurement. However, the 

techniques. We report on the experimental realization of such quantum measurement reversal in a system of trapped 
Calcium ions. We adapt the 3-qubit quantum error correction code presented in [1] which corrects for single qubit 

-

bits. Here, the quantum information is encoded in an entangled logical qubit α β+ + + + − − −  of three physical 

qubits. The measurement projection of a single physical qubit onto 0  and 1  does not reveal any information 
on the state of the logical qubit, i. e. the quantum information is protected by entanglement. The error correction 
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We experimentally demonstrated a double slow light scheme (DSL) based on double electromagnetically in-
duced transparency (EIT) in optically dense, cold cesium atoms [1]. The cross-Kerr nonlinearity between the two 

EIT systems [2]. The group velocities of the two pulses are tuned to a matched condition to prolong the interaction 

shift of 10-6

system without DSL scheme [4] due to a linear loss in the switching EIT system in which a small two-photon de-
tuning is introduced to obtain nonzero cross-Kerr nonlinearity. We have successfully demonstrated an improved 
DSL scheme in which a nonzero cross-Kerr exists even with both EIT systems on their two-photon resonance. We 
studied the nonlinear process of all optical switching and have overcome the N-type limit by a factor of 2.6. The 
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Nitrogen-Vacancy (NV) centers in diamond have emerged as a promising solid-state platform for quantum 
communication, quantum information processing [1], and metrology. Engineering the light-matter interaction be-
tween NV centers and nanophotonic devices can greatly enhance the performance of these systems. We demon-
strate fabrication of diamond-based optical cavities containing and coupled to individual NV centers, with the 
potential for dramatic enhancement of the NV center’s zero-phonon line via the Purcell effect. Localized modes 
having quality factors up to 6,000 have been achieved, resulting in a Purcell factor of 10. In addition, we investigate 
the properties of NV centers inside nanoscale structures and present novel techniques to ensure desirable spectral 

intriguing applications such as single photon transistors and quantum networks.
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Seeking for elegant ways of performing computations on the most compact scale is one of the crucial objectives 

quantum photonic circuits must meet the bottleneck of the diffraction limit, e.g., few hundred nm for the optical 
region. The pioneering experiment [1] of incoherent photon storage were carried out with the wavelength of 0.86 Å 
and might overcome this size issue. Using this scheme, another novel idea [2] has also shown the potential of creat-
ing single-photon entanglement in the x-ray regime. Here we will demonstrate a new way of manipulating a single 
hard x-ray photon, including the coherent storage and the phase modulation of its wave packet [3]. We expect that 
such x-ray quantum optics schemes will help advancing quantum computation on very compact scales. 
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The quest for Anderson localization of waves is at the center of many experimental and theoretical activities. 
Cold atoms have emerged as interesting quantum system to study coherent transport properties of light. Initial 
experiments have established that dilute samples with large optical thickness allow studying weak localization of 
light. The goal of our research is to study coherent transport of photons in dilute and dense atomic samples. One 
important aspect is the quest of Anderson localization of light with cold atoms and its relation to Dicke super- or 
subradiance. 

We present experimental and theoretical results [1-3], emphasizing the role of long range interactions between 
the atomic dipoles resulting in dominant global Dicke like synchronization over Anderson localization in coherent 
wave transport in resonant media.
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Interfacing light and matter at the quantum level is at the heart of modern atomic and optical physics and is a 
unifying theme of many diverse areas of research. A prototypical realization is electromagnetically induced trans-
parency (EIT), whereby quantuminterference gives rise to long-lived hybrid states of atoms and photons called 
dark-state polaritons [1]. in a fully coherent and reversible way. Here we report the observation of strong interac-
tions between dark-state polaritons in an ultracold atomic gas involving highly excited (Rydberg) states. By com-
bining optical imaging with counting of individual Rydberg excitations we probe both aspects ofthis atom-light 
system. Extreme Rydberg-Rydberg interactions give rise to a polariton blockade, which is revealed by a strongly 
nonlinear optical response of the atomic gas. For our system the polaritons are almost entirely matter-like allowing 
us to directly measure the statistical distribution of polaritons in the gas. For increasing densities we observe a clear 
transition from Poissonian to sub-Poissonian statistics, indicating the emergence of spatial and temporal correla-
tions between polaritons. These experiments, which can be thought of as Rydberg dressing of photons, show that it 
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Q optical cavity. The 
-

geneous BEC into a periodically patterned distribution above a critical driving strength [1]. This self-organization 

the role of the internal atomic states are played by the motional states of the condensate [2]. The cavity photon loss 
limits the observation of the quantum phase transition in the ground state and for long times one observes a non-

entanglement is peaked but not divergent in the steady state [3]. 
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We investigate the deterministic generation of quantum states with negative Wigner functions which arise due 
to giant non-linearities originating from collisional interactions between Rydberg polaritons. The state resulting 

using homodyne detection followed by quantum tomography. We obtain simple analytic expressions for the evo-

non-classical states of the light, this method can also provide a very sensitive probe of the physics of the collisions 
involving Rydberg states. 
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cold Rydberg gases provide an ideal system for nonlinear optics. Here, we investigate interaction effects on the 
nonlinear process such as four-wave mixing (FWM) and Electromagnetically induced transparency (EIT). The 
combination of interacting Rydberg gases and this kind of quantum coherent process has recently attracted con-
siderable theoretical and experimental interest, as it holds promise for realizing extremely large nonlinearities by 
exploiting the exaggerated interactions between Rydberg atoms. We present a classical many-body approach to in-
vestigate mechanisms behind optical nonlinearities arising from strong Rydberg-Rydberg interactions. Our method 
can describe large numbers of excited atoms, and, at the same time, properly account for strong correlations and 
many-body entanglement as well as dissipative processes. 
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accessible measures of entanglement for the system, taking into account crucial imperfections of the stored entan-

of the chain, and characterize it by a lower bound on its concurrence and the ability to violate the CHSH inequal-
ity. The minimum purity of the initial state, required to succeed in the protocol as the size of the chain increases, 
is obtained. We also provide a more accurate estimate for the average time required to succeed in each step of the 
protocol. The minimum purity analysis and the new time estimates are then combined to trace the perspectives for 
implementation of the DLCZ protocol in present-day laboratory setups.
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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 and frequency of the beats. 

-
ported by NSF, CONACYT, and the Marsden Fund of RSNZ. 
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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-
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We propose various schemes for the dissipative preparation of a maximally entangled steady state of two atoms 
in an optical cavity. Harnessing the natural decay processes of spontaneous emission and cavity photon loss, we ap-
ply an effective operator formalism [1] to identify and engineer effective decay processes, which reach an entangled 

the same result by using engineered spontaneous emission. We investigate various aspects which are crucial for the 
experimental implementation of our schemes in existing cavity QED and ion trap setups. Our study shows promis-
ing performance for present-day and future experimental systems, in particular a qualitative improvement in the 
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The most important effect in this class is the Electromagnetically Induced Transparency (EIT) [1]. Recently a number of 
-
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Towards a loophole-free Bell test with atom-photon 
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Since the original Bell’s idea a lot of different Bell tests have been performed, mostly using the means of quantum 
-

ing tasks, namely in the device independent scenarios. Necessary requirement to assess the validity of a Bell test is to 
close both the detection and locality loopholes, the goal with still missing experimental evidence. It was shown in [1, 2, 

by means of cavity QED with a single atom. We show, that this state can be achieved using realistic experimental param-
eters available up-to-date yielding the CHSH violation of up to 2.25 and propagation distances of order of 100 meters for 
optical systems. 
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Salecker-Wigner-Peres (SWP) quantum clock [1]. After a brief discussion the applicability of such clock to general 
potentials [2] and the role of the localizability of the tunneling particle [3], we argue for the need to perform a post-

an expressionfor an average tunneling time valid for general localized potentials. The properties of this time scale 
are investigated both in the non-relativistic and relativistic scenarios – numerical results are presented for several 
potentials and, in particular,it is shown that this time scale does not exhibit the Hartman effect (nor its generalized 
version). Finally, the interpretation of the SWP clock and of the results obtained are discussed in the context of the 
weak measurement theory. 
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Quantum Zeno dynamics (QZD) generalizes the quantum Zeno effect in which repeated measurements inhibit 
the coherent evolution of a system [1]. In QZD, the measured observable has degenerate eigenspaces in which the 

evolving under the action of a resonant classical source. Repeated interrogation of an atom coupled to the cavity 
-

ics generates interesting non-classical states and can be turned into phase space tweezers to prepare nearly arbitrary 
quantum superposition of coherent states. We present the principle of the method and the progresses toward its 
experimental implementation with slow circular Rydberg atoms in a high Q superconducting microwave cavity.
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precision measurement, quantum information and ultralow noise communication owing to its intense cw outout 
with nonclassical photon statistics. The sub-Poissonian photon statistics in the microlaser originates from the active 
photon-number stabilization due to a decreasing gain function with the photon number. Since the previous observa-
tion of Mandel Q of -0.128, many efforts were made on further improvement in system stability and detection hard-

in the interaction time and the atom-cavity detuning, which led to the more enhanced photon-number stabilization. 

shot-noise reduction than the previous one. 
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Optical frequency comb with non-classical properties can be produced via parametric down-conversion of a 
pumping comb in a degenerate synchronously pumped optical parametric oscillator. In the time domain we devel-
oped a quantum theory of the oscillator that describes its operation both below and above oscillation threshold and 
gives clear insight into the character of quantum properties of an output signal comb being a train of pulses. Now 
we are thinking about application of a frequency comb and its non-classical counterpart for ultra-precise posi-
tion sensing, particularly, in gravitational wave detectors. Here the fundamental limit on an accuracy of position 
determination (standard quantum limit) appears as interplay between time-arrival uncertainty of pulses and light 
back-action on a mechanical sub-system. 
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We are setting up a new experiment with ultracold fermionic atoms in a two-dimensional honeycomb lattice 
to investigate intriguing phenomena which are either related to relativistic quantum physics (e.g. Zitterbewegung, 
Klein tunnelling) or to condensed matter physics (quantum criticality, quantum spin liquid). This system has the 
underlying geometry of graphene, but can be tuned and controlled in a much greater range. In the experiment, a 
degenerate Fermi gas of 6Li will be created after laser cooling in a magneto-optical trap (MOT) and subsequent 
evaporative cooling in the vicinity of a Feshbach resonance in a strong optical dipole trap. The atoms will then be 
transferred optically into a glass cell, where they will be loaded into a two-dimensional honeycomb potential. We 
plan to use a site-resolved imaging technique in order to manipulate the particles and analyze their distribution in 
the lattice. We will show the experimental progress towards a degenerate Fermi gas. 
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We propose a simple model of bosonic mixtures in a double-well trap to investigate the disorder-induced 
collapse of the phase coherence which can cause the localization of major atoms. It is found that the number of 
impurity atoms randomly distributed in two subwells and the inter-species interaction play an important role in the 
correlation of the major atoms. It strikingly shows that the delocalization can even occur when intra-species and 
inter-species interactions are comparable, which exhibits a ‘twonegatives make a positive’ effect. We also calculate 
the dependence of the compressibility on the doping ratio and inter-species interaction, and the signature of Bose 
glass phase is predicted. In conclusion, our studies shows that even the simple two-site BH model can be useful to 
investigate more interesting physics in the disordered system of ultracold atoms. 
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atomic analogs of fractional quantum Hall systems. The atomic species Ytterbium combines the advantages of 
a large number of both bosonic and fermionic isotopes and a long lived metastable state (3P0, lifetime 16 s), and 
its level scheme favours the implementation of a two-dimensional optical lattice, where the ground and excited 
states arrange in spatially separated sublattices. Optical coupling of the two states enables tunneling between the 
sublattices, resulting in a geometric phase of the atomic wavefunction equivalent to the Aharonov-Bohm phase of 

and describe the experimental techniques to implement laser-induced gauge potentials. 
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to local observables and correlation functions in strongly-interacting many-body systems. Such quantum gas mi-
croscopes have thus far been limited to investigating purely two-dimensional systems. Here, we present a scheme 

transport between two tunnel-coupled planes, our system can be used to unambiguously identify atom numbers n = 
0 to n
shell structure with up to three atoms per site and study the formation of doublon-hole pairs across a magnetic quan-

and creates new possibilities for the simulation of bilayer condensed matter systems with ultracold atoms. 
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strongly correlated many-body systems. However, the relevant length and energy scales are at present limited by an 

systems to create a nanoscale optical lattice for ultracold atoms. Our approach combines the unique coherence 
properties of isolated atoms with the subwavelength manipulation and the strong light-matter interaction associated 
with nano-plasmonic systems. It allows one to considerably increase the energy scales in the realization of Hub-
bard models and to create effective long-range interactions in coherent and dissipative dynamics of atoms. As an 
example we demonstrated how these techniques can be used to prepare and study many-body states of AKLT type 
in the steady state of an optically driven system. 
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We study the tight-binding model with uncorrelated diagonal disorder on a honeycomb lattice. We use three 

s, scattering mean free time 
localization length . The three methods give excellent quantitative agreement of the single-particle properties 

s, , 
and different energies (including the charge neutrality point of a honeycomb lattice) can be described by the same 
single-parameter curve. However, the extracted numerical value of shows great deviation from the prediction of 
self-consist theory of localization. Our numerical results also show possible indication of weak localization cor-
rections. 
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Advances in cold gases physics are beginning to enable experiments involving the direct manipulation and ob-
servation of single- or few-atom mobile impurities [1] within a many-body quantum system, a topic of longstanding 
interest for condensed matter theory, where it is related to studies of e.g. conductivity and the X-ray edge problem. 
Further progress in this direction is expected from the latest generation of experiments offering single-site address-
ability in optical lattices [2, 3] . 

In light of these developments we study the dynamics of mobile impurities in 1D quantum liquids using a 
DMRG technique. We address the recently proposed subdiffusive regime of impurity motion [4], a class of excita-
tions beyond those described by the standard Tomonaga-Luttinger theory. We study the conditions for observing 
this regime and its’ crossover to the ballistic regime. We furthermore examine the possibilities to observe the inter-
mediate diffusive motion of impurities in these systems. 
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We have studied nD + nD multilevel pairwise interactions between Rydberg atoms in a magneto-optical trap, 

work, our goal is to study the nD + nD interaction in a higher density cold sample in a dipole trap. Therefore, we 
have loaded a QUEST trap for Rb using a CO2

2) around 
70 µm. For 75 W laser power, the QUEST depth is ~ 730µK and the density sample is arround 4x1011 3. 
The nD Rydberg states are excited using a CW blue light (480nm) with 1MHz of linewidth. During the presentation 

2 optical trap.
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We present the results for controlled optical collisions of cold, metastable neon atoms in a magneto-optical trap 
3P2 

to (3s)3D3 cooling transition. The measured ionization spectrum excludes resonances as a result of the formation 

observe a broad unresolvable ionization spectrum that is well described by the established theory of Gallagher and 
Pritchard[3]. Depending on the frequency detuning of the control laser relative to the cooling transition, for a red 
frequency detuned laser beam we have measured up to 4 x enhancement of the ionization rate. In the case when 
the control laser us detuned to the blue of the cooling transition we observe optical shielding and a reduction in the 
ionization rate of up to a factor of 5. We will present the results of this investigation.
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Calculation of the cross-section for the process of double-electron capture by a bare nucleus with emission of 
a single photon is presented. The double-electron capture is evaluated within the framework of quantum electrody-

-
tron correlation, corrections to the interelectron interaction were calculated with high accuracy, partly to all orders 
of the perturbation theory. The calculations of the cross-section are presented not only for the experiments [1, 2, 3] 
as it was also shown in [4] but for new experiments F9+ + C and Cr24+

2 ions. Also we investigate the depen-
dence of the cross-section from the energy of incoming ion are presented. 
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trapped ion. Using the transformation of Cook et. al. -
odically oscillating operators. In order to study their effect, we calculate (i) the coupling strengths of the micromo-
tion operators by numerical integration and (ii) the quasienergies of the system by applying the Floquet formalism 
— a useful framework for studying periodic systems. It turns out that the micromotion is not negligible when the 
distance between the atom and the ion traps is shorter than a characteristic distance. Within this range the energy 
diagram of the system changes remarkably when the micromotion is taken into account, which leads to undesirable 
consequences for applications that are based on an adiabatic collision process of the trapped atom-ion system. We 
suggest a simple scheme for bypassing the micromotion effect in order to successfully implement a quantum con-
trolled phase gate proposed previously, and create an atom-ion macromolecule. The methods presented here are not 
restricted to trapped atom-ion systems and can be readily applied to studying the micromotion effect in any system 
involving a single trapped ion. 
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cooperative enhancement of the atom-light interaction. Such cooperative effects manifest as a of the decay rate 
(super- or subradiance) and a shift of the resonance known as the cooperative Lamb shift. By tuning the atomic 
density and layer thickness of a nanometre-scale atomic vapour cell, we are able to move continuously from neg-
ligible to dominant dipole–dipole interactions, and experimentally measure these cooperative effects including the 
cooperative Lamb shift, in agreement with theoretical predictions of nearly 40 years ago [1,2]. Finally we report 
on recent results on the propagation of light in the cooperative limit where the effects of superradiance and slow or 
fast light are combined. 
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sities of ~ 1018 cm–3 at temperatures 0.26 - 0.6 K [1]. We have observed a variety of spin wave modes caused by the 

is accompanied by spontaneous coherence of the transversal magnetization, similar to that of the homogeneously 
precessing domain in liquid 3He, where this can be interpreted as Bose-Einstein condensation of magnons [2]. 
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We use collective oscillations and trapped Ramsey interferometry of a two-component Bose-Einstein conden-
sate of 87Rb F = 1, mF F = 2, mF = 1>) for the precision measurement of the 
interspecies scattering length a12 and the intraspecies scattering length a22. We show that in a cigar-shaped trap the 
3D dynamics of a component with a small relative population can be conveniently described by a 1D Schrödinger 

a12

a11 and is largely decoupled from the scattering length a22

numerical simulations of the coupled Gross-Pitaevskii equations to the recorded temporal evolution of the axial 
width we obtain the value a12 = 98.006(16)a0, Using Ramsey interferometry of the two-component condensate we 
measure the scattering length a22 = 95.44(7)a0. 
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dom porous medium. The medium, made of compacted ground pyrex glass, with approximately 50 m mean grain 

a diffusion distance D ≲ 1 mm. We detected laser light frequency scanned around the Rb D1 transitions that has 
traversed several millimeters of the porous sample. Using fast time-resolved detection, synchronized to a sudden 
change in laser intensity, we were able to identify the contribution to the transmitted light of photons being sponta-
neously emitted by the Rb atoms. For low atomic densities, the randomness of the photon trajectories in the sample 
results in an “integrating sphere” effect in which the re-emission of light almost cancels the atomic absorption. At 
large atomic densities, the contributions of absorption and spontaneous emission to the transmission present notice-
able spectral differences. Also, as the atomic density is increased, the characteristic decay time of the spontane-
ously emitted photons increases and the fraction of absorbed energy being re-emitted decreases. We interpret these 
observations as due to the onset of photon trapping in connection with non-radiative decay in atom-wall collisions. 
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Interfacing cold atom clouds and nanostructures, especially carbon nanotubes has been attracting large interest 
because the objects have similar atom numbers and masses. This enables both mechanical and electronic manipula-
tion of solids by atoms and vice-versa. In our experiment, we bring ultracold atom clouds of rubidium into spatial 
overlap with a free standing carbon nanotube thus atoms are scattered on the tube. We observe the time dependent 
atom loss from thermal clouds and Bose-Einstein condensates, from which we derive the Casimir-Polder interac-
tion potential [1]. We identify the scattering radius and the regimes of quantum mechanical scattering between 
rubidium atoms and the carbon nanotube. We report on the technique of “cold-atom scanning probe microscopy” 
[2] for imaging the topography of nanostructures and for ultrasensitive force measurements. 

References 
[1] P. Schneeweiss et al., , in print. 
[2] M. Gierling et al., Cold-atom scanning probe microscopy, Nature Nanotechnology 6, pp. 446-451 (2011). 
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Importance of correlation – polarization and PCI in 

Prithvi Singh, Vinod Patidar, and G. Purohit*

India 
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The charged particle impact ionization studies of fundamental atomic and molecular systems have been of great 
interest since the early days of quantum mechanics. Extensive theoretical and experimental investigations have 
been carried out to understand the electron impact single ionization (i. e. (e, 2e) processes) of various targets (see 
[1] and references cited therein). Accurate cross sections for Xe atom target ionization by electron impact are very 
important for the understanding of the complex interactions involved in the plasma processes. We will report triple 
–differential cross section of Xe atoms for low energy (e, 2e) ionization at the incident electron energies ranging 

distorted wave Born approximation formalism. We will discuss the effect of target polarization and post collision 
interaction in coplanar as well as the perpendicular plane geometrical conditions. We will also compare the result 
of our calculation for Xe with the very recent measurements of Nixon et al. [2].

References 
[1] G. Purohit, Prithvi Singh, Vinod Patidar, Y. Azuma, and K. K. Sud, Phys. Rev. A 85, 022714 (2012).
[2] K. L. Nixon and A. J. Murray, Physical Review A 85, 022716 (2012).
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We will present measurements of the mixing rates and cross sections for collisional excitation transfer between 
the 5P and 5P states of rubidium in the presence of inert buffer gases. Selected pulses from a high repetition 

-
tion transfer observed by time-correlated single-photon counting. The measured mixing rates exhibit a linear de-

densities greater than 1 atm. We attribute this quadratic component to three-body interactions which alter the col-

for a range of buffer gas temperatures and pressures[1] along with mixtures such as Rb-He-Ar.

Reference 

transfer induced by 4He collisions”, Opt. Lett. 37, pp. 1637-1639 (2012). 
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The temperature (294° K < T < 340° K) dependence of the longitudinal (T1), transverse (T2) relaxations times 
and atoms absorption rate were experimentally investigated for two cells with alkane- and alkene-based coatings. 
The T1(T) and T2(T) were measured by Franzens “relaxation in the dark” and double radio-optical resonance method 
accordingly. Both cells showed a growth of T1 to a certain temperature (T = 332° K for alkane- and T = 298° K for 
alkene-based coatings), after which the T1 decreased rapidly. T2 has a monotone decrease for alkane- and does not 
change for alkene-based coatings in a whole measured temperature range. The concentration of Cs atoms in bulb 
was monitored by measuring of transmitted through the cell light intensity after quick closing of the valve between 
bulb and Cs reservoir for studying of atoms absorption rates [1]. Different character temperature dependence of 
slow and fast components of characteristic time for alkane- and alkene-based coating were found. 

Reference 
[1] M. V. Balabas, O. Yu. Tretiak Investigation of temperature dependence of kinetics of irreversible caesium atoms leaving from 

vapour phase to anti-relaxation coating., Technical Physics 9, pp. 75-82 (2012). 
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Ultracold atomic systems of reduced dimensionality show intriguing phenomena like fermionization of bo-

interaction strength by varying the trap geometry. Here, a theoretical model is presented describing inelastic con-

loss experiment of Haller et al. in terms of particle losses [1]. These resonances originate from possible molecule 

resolves the contradiction of the experimental observations to previous theoretical predictions. 

Reference 
[1] E. Haller et al., Phys. Rev. Lett. 104, 153203 (2010). 
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Rydberg atoms have as one of their characteristic the high principal quantum number. Their large dimen-
sions imply in a large dipole moment, which allows one to use them for studies of atomic interactions with elec-

photoionization cross sections of these highly excited atoms, is due to its importance to several areas like Atomic 
and Molecular Physics, Astrophysics, Plasma Physics, among others. Based on the model proposed by Aymar and 
co-workers [1] we studied the photoionization cross sections of alkali atoms, expanding the previous analysis to 
n
experimentally [1], but the same is not true for the excited states. We performed an analysis of the behaviour of 
radial wave functions depending on the photoelectron energies and by analysing them we have alsoperformed a 
study of the Cooper minima. 

Reference 
[1] M. Aymar et. al., J. Phys. B , 17, 993 (1984). 
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Electromagnetically induced transparency (EIT) involving Rydberg states [1] has become the subject of interest 
in cold atom experiments due to a wealth of possible applications ranging from quantum computing to mediated 
photon-photon interactions [2]. We study the behaviour of Rydberg EIT in an ensemble of ultracold 87Rb as it is 
cooled through the transition to Bose-Einstein condensation. We observe the familiar dipole blockade as a function 

discontinuous behaviour is observed as the gas is cooled through the BEC phase transition. By realizing Rydberg 
EIT in condensates we will be capable of studying the strong nonlinear interactions introduced by the effect in 
ultracold, dense atomic gases. 

References 
[1] J. D. Pritchard, D. Maxwell, A. Gauguet, K. J. Weatherill, M. P. A. Jones, and C. S. Adams, Cooperative Atom-Light Interaction 

, Phys. Rev. Lett. 105, 193603 (2010). 
[2] Alexey V. Gorshkov, Johannes Otterbach, Michael Fleischhauer, Thomas Pohl, and Mikhail D. Lukin, Photon-Photon 

, Phys. Rev. Lett. 107, 133602 (2011). 
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Chaos-induced enhancement in electron recombination in 

V. A. Dzuba1, V. V. Flambaum1,*, C. Harabati1, and G. F. Gribakin2

 
2. Department of Applied Mathematics and Theoretical Physics, Queen’s University,  

 

We developed a statistical theory for the resonant multi-electron recombination based on properties of chaotic 
eigenstates [1]. Level density of many-body states exponentially increases with the number of excited electrons. 
When the residual electron-electron interaction exceeds the interval between these levels, the eigenstates become 
“chaotic” superposition of a large number of Hartree-Fock determinant basis states. This situation takes place in 
some rare-earth atoms and majority of multiply-charged ions excited by the electron recombination. We derived 
a formula for the resonant multi-electron recombination via di-electron doorway states leading to such compound 
resonances and performed numerical calculations for the electron recombination with tungsten ions Wq+, q = 17 – 
24. A recent experiment [2] showed that the electron recombination of tungsten ion W20+ exceeds the theoretical 
direct recombination by three order of magnitude. Our calculations agree with this experimental result. 

References 
[1] V. V. Flambaum, A. A. Gribakina, G. F. Gribakin, and C. Harabati, 

many-electron states, Phys. Rev. A 60, pp. 012713-7 (2002). 
[2] S. Schippers et al., Dielectronic recombination of xenonlike tungsten ions, Phys. Rev. A 83, pp. 012711-6 (2011). 457 (1999). 
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We study ultracold collisions in a model 1D system formed by a free atom and a trapped ion. This model 
describes motion in a waveguide with spacing between transverse modes much larger than both the ion trap level 
spacing and the collision energy. We consider a zero-range atom-ion interaction, appropriate to model the effect of 

rf-trapping (Paul trap) of the ion. 
The static case is numerically treated using two approaches. The integral equation of scattering is solved by 

a spectral method adapted to treat the kernel singularity. The close coupled form of the Schrödinger equation is 
solved using a log-derivative propagation approach to obtain directly the S-matrix. Coupling between center of 
mass and relative motion results in nontrivial resonance effects. The molecular states associated to the resonances 

Floquet theorem to convert the problem to a time independent formulation. The sparse linear system resulting from 

-
tion on the collision process. Our model could be applied to interpret results of current atom-ion experiments (1,2).

References 
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Cold molecules have a multitude of applications ranging from high resolution spectroscopy and tests of funda-
mental theories to cold chemistry and, potentially, quantum information processing. Prerequisite for these applica-

the molecule needs to be prepared and non-destructively detected. 
We have developed a novel technique to measure the average charge-to-mass ratio of trapped ions with high 

precision through broadband excitation of the ions’ centre-of-mass mode motion and subsequent detection of the 

trapped alongside the molecular ions. Due to the precision of this method, reaction rates and branching ratios can 
be measured even with large ion crystals (up to 100 ions). 

The non-destructive state detection of trapped molecules is still beyond current experiments. Employing state 
selective laser induced dipole forces, we aim to detect the internal state of molecular ions by mapping the state 
information onto the ions’ motion. 

Reference 
[1] Kevin Sheridan and Matthias Keller, , New J. Phys. 13, 123002 (2011). 
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Laser photoassociation (PA) of cold atoms creates excited, weakly-bound molecules, which are key interme-
diates in the most of schemes that allow the formation of cold molecules in the ground state. For that reason the 
spectroscopy of these weakly bound molecules is one of the tools to know, not only the energy position of the levels 
but also if it exists their mixings with neighboring levels. Indeed, the mixings determine the wavefunction shapes, 
especially at short internuclear distance, and thus the Franck-Condon factors required for molecule formation. We 
show that, for an accurate analysis of the PA spectroscopy data, the LeRoy-Bernstein formula has to be improved 

to determine and measure the couplings [2, 3, 4]. 
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Cold ion-polar molecule reactions play important roles in the synthesis of intersteller molecules [1]. Even 
though the chemical reactions in dark interstellar clouds occur at very low temperatures, most of the reaction-rate 
constants in the astronomical database were measured at room temperature. Here we have developed a setup to 
directly measure cold ion-polar molecule reactions. We extended the experiment in Ref. [2] to the rate measure-
ment between sympathetically cooled molecular ions and velocity-selected slow polar molecules. In fact we have 
successfully determined the reaction rate of N2H

+ + CH3 3CNH+ + N2 at very low temperatures. The results 
and a discussion of this research will be presented.

References 
[1] V. Wakelam et al.

156, pp. 13-72 (2010). 
[2] S. Willitsch et al., “Cold Reactive Collisions between Laser-Cooled Ions and Velocity-Selected Neutral Molecules”, Phys. 

Rev. Lett. 100, 043203 (2008).
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We report on our recent experiments exploring ultralong-range Rydberg molecules. These unusual bound states 
between Rydberg atoms and ground state atoms feature novel binding mechanisms based on low energy electron 

binding energies of dimer and trimer states, further properties are studied in high resolution spectra in the high 

reveal a molecular Stark effect due to a permanent electric dipole moment of the molecules [2].

References 
105, 16 

(2010).
[2] W. Li, et.al., “A homonuclear molecule with a permanent electric dipole moment”, Science 334, 1110 (2011).
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-

RbCs excited electronic states correlated to the lowest 2S + 2P
hamiltonian. We set up potential curves built on long-range atom-atom interaction connected to short-range ab 

momentum of the molecule, and on the sum of projections of the total angular momentum of the separated atoms. 
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We solve the corresponding time-dependent Schrödinger equation in the rigid rotor approximation, taking into ac-

depends on the avoided crossings that the states suffer and on the formation on the quasidegenate doublets in the 

experiments [2]. 

References 
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Ultracold molecules trapped in an optical lattice at high density and prepared in their lowest internal quantum 
state are an ideal starting point for fundamental studies in physics and chemistry, ranging from novel quantum gas 
experiments and cold controlled chemistry to quantum information and quantum simulation. 

In our experiment, we create ultracold and dense samples of molecules in their internal ground state in an opti-
-

sublevel of the rovibronic ground state by a coherent optical 4-photon process with the Stimulated Raman Adiabatic 
Passage (STIRAP) technique while each molecule is trapped in the motional ground state of an individual optical 

aim at producing Bose-Einstein condensates of ground-state molecules by adiabatically removing the optical lattice 
potential.
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In recent years, various ultracold molecule production experiments have been carried out. Molecules are formed 

by the FFR fractional conversion. We study the FFR molecular fractional conversion rate using a Monte Carlo 
simulation based on the stochastic phase space sampling (SPSS) model[1]. The key idea of SPSS is that the phase 
space volume of atomic pairs does not change during an adiabatic magnetic sweep. We have applied this method to 
Fermi-Fermi, Bose-Bose, and Bose-Fermi cases, and have compared our SPSS result with that of the equilibrium 

-
gions that have not yet been experimentally realized.

References 
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One of the greatest challenges of modern physical chemistry is to push forward the limits of electromagnetic or 
laser techniques to probe or manipulate molecules at low temperatures where molecular interactions are dominated 
by pure quantum phenomena. Following our pioneer work [1] we present our recent development concerning the 

2 molecules into a single 
ro-vibrational level (including v = 0, J = 0) of the singlet ground electronic state. Combined with Sisyphus cool-
ing, this method is probably able to produce a large sample of molecules at sub-mK temperature. The principle of 

external potential, 2) dissipative process preventing the reverse motion, 3) repetition of the “one-way” (or ”single 
photon”) process by bringing back the molecules to the initial state.

Reference 
[1] M. Viteau, A. Chotia, M. Allegrini,N. Bouloufa, O. Dulieu, D. Comparat, P. Pillet, “Optical pumping and vibrational cooling 

of molecules”, Science 321 232 (2008).
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Due to less blackbody radiation shifts, mercury atoms are regarded as one of the best candidates for optical 
lattice clock [1]. Here we report our recent progress towards laser cooling and trapping of mercury atoms for the 
ultracold sample ofoptical lattice clock. Several spectroscopies, including saturated absorption spectroscopy (SAS), 
DAVLL spectroscopy and frequency modulation (FM) spectroscopy, were investigated for the frequency discrimi-
nation and stabilization of the 1S0-

3P1 UV cooling laser. The ultra-high vacuum system of 3 × 10–9 Torr was designed 
and installed with the mercury source cooled by multi-stage-TEC. The 202Hg atoms were trapped in the MOT, with 

6

References 
[1] M. Petersen et al., Doppler-Free Spectroscopy of the 1S0-3P0 Optical Clock Transition in Laser-Cooled Fermionic Isotopes of 

Neutral Mercury, Phys. Rev. Lett. 101, 183004 (2008).
[2] H. Hachisu et al., Trapping of Neutral Mercury Atoms and Prospects for Optical Lattice Clocks, Phys. Rev. Lett. 100, 053001 

(2008).



Cooling and trapping… Mo-177 145

potential to an optical dipole trap

Weilun Hung, Hao-Yl Xiao, and Ite A. Yu*

Department of Physics and Frontier Research Center on Fundamental and Applied Sciences of Matters, National 
 

7 atoms with a peak density above 
1×1011 cm-3
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number of atoms can be locally addressed without disturbing the rest of the lattice. If the environment around the 

-

of the Mott Insulator state. By considering spontaneous emission of the atoms trapped in the lattice into the guided 

Reference 
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pairs [5], and simulating quantum many-body physics with strongly-interacting photons [6]. We have combined the 
techniques of two-dimensional magneto-optical trap (MOT), dark and compressed MOT, and optical pumping to 

2 line. 
Attempts to achieve even high optical depths are underway and the results will be presented.
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We have integrated magneto-optical traps (MOTs) into an atom chip which is able to cool and trap ~ 107 atoms 
directly from a thermal background of 87Rb. Diffraction gratings are used to manipulate the light from a single in-
put laser to create the beams required for a MOT[1]. The gratings are etched into the surface of a silicon wafer by 
either electron beam, or photo-lithography making them simple to fabricate and integrate into other atom chip ar-
chitectures. Unlike previously integrated cold atom sources on a chip [2] the atoms now sit above the surface where 

simplify the initial capturing of atoms, representing substantial progress towards fully integrated atomic physics 
experiments and devices. They also offer a simple way to integrate many atom sources on a single device. 

References 
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The RbLi molecule is a promising candidate for exploring novel quantum phases of ultracold molecules owing 
to the relatively large electric dipole moment (4.2 Debye). We developed an apparatus for simultaneous laser cool-
ing of 87Rb and 6Li for the purpose of creating fermionic RbLi molecules. We exploited separate Zeeman slowers 
for each species, which were attached to a stainless-steel chamber kept at ultra-high vacuum (<10-11 Torr). The 
capture velocities for Rb and 6

spectroscopy of Li in a heat-pipe oven for laser frequency stabilization. We found that the Ar buffer gas enhances 
the polarization signal, which is explained by a simple model considering velocity-changing collisions [1]. We 
could simultaneously collect 109 Rb atoms and 108 Li atoms in a magneto-optical trap. We also developed magnetic 

Reference 
[1] Nozomi Ohtsubo, Takatoshi Aoki, and Yoshio Torii. “Buffer gas-assisted polarization spectroscopy of 6Li”, to appear in Opt. 
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Chris I. Laidler and Stefan Eriksson

Optical injection in diode lasers can produce frequency tuneable sidebands[1]. We show that by carefully 
tailoring the frequency and intensity of the injection laser relative to the free running laser we can create narrow 
sidebands suitable for atomic physics experiments. We observe a frequency tuning range which exceeds the modu-
lation bandwidth of the free running laser. Our detection bandwidth limits this measurement to a range of about 20 
GHz, but the tuning range is predicted to be as wide as the longitudinal mode spacing of the diode laser[2] which 
can be of the order of 100 GHz. The sideband intensity can also be controlled by the injection. The output of a laser 
with this injection can be used to simultaneously address two transitions in common alkalis or small heteronuclear 
molecules. We demonstrate the frequency stability of the sidebands by magneto-optical trapping of rubidium using 
light from the injected laser only[3]. We propose further applicationsof the sideband technique. 
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We measured by laser spectroscopy the isotope shifts between natural even-isotopes of strontium ions for both 
the 5s2S p2P  (violet) and the 4d2D p2P
been obtained by simultaneous measurements on a two-species Coulomb crystal in a linear Paul trap containing 
~ 104 laser-cooled Sr+

the solution of the optical Bloch equations describing a three-level atom in interaction with two laser beams. This 
technique allowed us to increase the precision with respect to previously reported data. The results for the 5s2S
5p2P  transition are v88 – v84 = +378(3) MHz and v88 – v86 = +170(2) MHz. In the case of the unexplored 4d2D
5p2P v88 – v84 = +822(6) MHz and v88 – v86 = +400(2) MHz. These results provide more data to 
a stringent test for theoretical calculations of the isotope shifts of alkali-metal-like atoms [1].

Reference 
Precision measurement of the 52 S  – 42 D  quadrupole 
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Ring traps for cold-atom physics can be foreseen as the low-energy counterpart of circular accelerators in 
-

tral atoms in a ring dipole trap coupled to two additional dipole waveguides, by extending our previous work [1] 
to waveguides. By adiabatically following a particular transverse energy eigenstate of the system, the transverse 

adiabatic passage as a function of the atomic velocity along the input waveguide as well as on the initial popula-
tion distribution among the transverse vibrational states. The performance of our proposal has been checked by 
numerical integration of the corresponding 2D Schrödinger equation with state of-the-art parameter values for a 
ring dipole trap with Rubidium atoms. 

Reference 

adiabatic passage”, Phys. Rev. A 83, pp. 033629(1)-033629(7) (2011).
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Bo Zhang

 

superconducting disks and rings. We simulate the current density distributions in these superconducting structures 

-

ease of creating the ring traps and the low noise for trapping atoms make the circular superconducting structures 
attractive for atom chip interferometers. 

Reference 
[1] E. Brandt, , Phys. Rev. B 50, pp. 4034-4050 (1994). 
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microfabricated ion traps

N. M. Linke1,*, D. T. C. Allcock1, L. Guidoni2, C. J. Ballance1, T. P. Harty1, H. A. Janacek1,  
D. P. L. Aude Craik1, D. N. Stacey1, A. M. Steane1, and D. M. Lucas1

1. Clarendon Laboratory, University of Oxford, Parks Road, OX1 3PU, Oxford, UK  
2. Université Paris Diderot, Paris, France  

*linke@physics.ox.ac.uk 

We present recent work on laser cleaning of a microfabricated surface ion-trap. A particular problem in such 
d–4 with ion-surface distance d. Pulses from a 

reduction of an ion trap heating rate [1]. 
We also describe a Doppler cooling and detection scheme for ions with low-lying D levels which suppresses 

scattered laser light background (count rate 1 s–1 –1) [2]. This 
scheme is useful for experiments where ions are trapped near surfaces. 

Finally, we present data characterizing a three-dimensional microstructured gold-on-alumina ion trap. The chip 
has a cross-shaped trapping region with four individual trap arms connected by a central junction. 

References 
[1] D. T. C. Allcock et al., Reduction of heating rate in a microfabricated ion trap by pulsed-laser cleaning, New J. Phys. 13 

123023 (2011). 
[2] N. M. Linke et al., , Appl. Phys. B 0946-2171 1 (2012). 
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Peyman Ahmadi*, Jianwu Ding, Chiachi Wang, and Imtiaz Majid

Nufern, 7 Airport Park Road, East Granby, CT 06026, USA 

head that simplify the use of the technology.

-

is an attractive method to generate new wavelengths that are of interest for AMO community. Results of simple 
external frequency doubling using commercially available PPLN material for creating 532 (nm) with output power 
> 10 (W) will be presented. 

 Mo-188 Cooling and trapping…

A. Kowalczyk1,*, C. W. Mansell1, C. MacCormick1, S. Bergamini1,**, and I. Beterov2

 
2. Institute of Semiconductor Physics, Lavrentyeva Avenue 13, 630090 Novosibirsk, Russia 

Utracold, neutral atoms are a potentially scalable platform to physically implement quantum information pro-
-

mentation of the “one-way” model of quantum computation. The set-up includes a high numerical aperture lens 
and a spatial light modulator to create tightly focussed optical dipole traps that can be arbitrarily placed within the 
two-dimensional focal plane of the lens. For our particular case, a tetrahedral MOT design is particularly appeal-

a special case of 4-beam MOT operating at very acute angle, which allows to cool atoms to temperatures of order 

laser-excited to Rydberg states that have strong, long-range, controllable interactions. The controllability of these 
interactions and the controllability of the geometry of the traps give us a highly versatile set-up to investigate the 
creation of multiparticle entangled states, including the “graph states” that are the starting point of the one-way 
model of quantum computation. 
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information and simulation

Florian Schäfer1,*, Pablo C. Pastor1,2, Giacomo Cappellini1, Jacopo Catani1,2,  
Marco Mancini1,2, Guido Pagano1,3, Massimo Inguscio1,2, and Leonardo Fallani1

1. LENS and Dipartimento di Fisica ed Astronomia - Università di Firenze,  
50019 Sesto Fiorentino (FI), Italy  

2. INO-CNR, Sezione Sesto Fiorentino, 50019 Sesto Fiorentino (FI), Italy  
3. SNS - Scuola Normale Superiore, 56126 Pisa, Italy  

We report on the progress of the new experiment for cooling and trapping of atomic Ytterbium at LENS, 
University of Florence. The current setup includes a thermal Ytterbium atomic beam source, a Zeeman slower 
operating on the 1S0 – 1P1 transition, and a chamber for the MOT (using the 1S0 – 3P1 transition) with an in-vacuum 
optical Fabry-Pérot cavity to implement a FORT trap. We have achieved a BEC of bosonic 174Yb in a crossed 
dipole trap and are currently working with the fermionic (I 173Yb species. The goal is to load the ultra-cold 
atoms into a single layer, 2D optical lattice. There quantum simulations will be performed and the atoms will be 
manipulated individually to implement quantum computing operations. The ultra-narrow clock transition 1S0 – 3P0 

presented. Readout will be done via single site imaging by a high resolution objective lens. 

Cooling and trapping… Mo-190

Hiroki Takahashi1,2,*, Andrew Riley-Watson1, Alex Wilson1, Matthias Keller1,  
and Wolfgang Lange1

 
2. PRESTO, Japan Science and Technology Agency, Tokyo, Japan  

*ht74@sussex.ac.uk 

quantum communication, cryptography and computing. We have realized a novel photonic system that tightly in-

-

can be extended to implement a coherent ion-photon interface through strong coupling cavity QED. 

Reference 
[1] A. Wilson, H. Takahashi, A. Riley-Watson, F. Orucevic, P. Blythe, A. Mortensen, D. R. Crick, N. Seymour-Smith, E. Brama, 

M. Keller, and W. Lange, , . 
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optical lattices

Giuliano Orso* and Gabriel Dufour

Laboratoire Matériaux et Phénomènes Quantiques, Université Paris Diderot, Paris, France  
*giuliano.orso@univ-paris-diderot.fr 

We investigate the formation of molecules made of two interacting atoms moving in a one dimensional bichro-
matic optical lattice. We derive the quantum phase diagram for Anderson localization of molecules as a function of 

quasi-momentum distribution of molecules. When single particle states show multi-fractal behavior, the binding 
energy of molecules is found to exhibit an anomalous scaling exponent as a function of the interaction strength. 

Reference 
[1] G. Dufour and G. Orso, work in preparation. 
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Calculation of bound states of anisotropic potentials for 

Alexander Pikovski*

Institut für theoretische Physik, Leibniz Universität Hannover, Appelstr. 2, 30167 Hannover, Germany 
*pikovski@itp.uni-hannover.de 

Bound states of the Schrödinger equation in two dimensions for anisotropic potentials V r( )  are considered, 
E → 0  and 

couplings → 0 . Here, the methods of Ref. [1] are used to obtain exact integral equations for the energies and 

can be used to improve convergence. The expressions simplify if V r( )  has some symmetry. In the isotropic case, 
this reduces to what was obtained using the Jost function formalism [2]. Practical applications of the formulas for 
the calculation of bound-state energies are discussed. 

References 
[1] B. Simon, , Annals of Physics 97, 279 

(1976). 
[2] M. Klawunn, A. Pikovski, L. Santos, , Phys. Rev. 

A 82, 044701 (2010). 
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Gerhard Zürn1,2,*, Thomas Lompe1,2,3, Andre Wenz1,2, Vincent Klinkhamer1,2,  
Andrea Bergschneider1,2, Simon Murmann1,2, and Selim Jochim1,2,3

1. Physikalisches Institut, Ruprecht-Karls-Universität Heidelberg, Germany  
 

 
*gerhard.zuern@mpi-hd.mpg.de 

We have studied few-particle systems consisting of one to six fermionic atoms in two different spin states in 
a 1D harmonic potential. We tune the strength of the attractive interaction between the particles using a Feshbach 
resonance and probe the systemby deforming the trapping potential and observing the tunneling of particles out 

even particle numbers we observe a tunneling behavior which deviates from uncorrelated single particle tunneling 
indicating the existence of pair correlations in the system. From the tunneling timescales of the systems we infer 
the binding energies for different particle numbers which show a strong odd-even effect, similar to the one observed 
in nuclei. 

From two body… Mo-194

F. G. Ribeiro1,2,* and M. D. Coutinho-Filho1

 
 

*fgr@df.ufpe.br 

Quantum MC simulations for correlated electrons on a honeycomb lattice (graphene’s lattice) [1] showed the 
presence of a quantum spin liquid phase between the usual semi-metal phase and an antiferromagnetically ordered 
Mott insulator phase, i.e., for intermediate strength interactions. Also, it was argued that in graphene the “electron’s 
pseudospin” corresponds to a real angular momentum [2]. In this scenario, we present a path-integral approach for 
the pseudospin Hubbard model on the honeycomb lattice in the strong-coupling regime, in which case we show 
that the degrees of freedom of the Lagrangian density of the model exhibit pseudospin-charge separation. In this 
context, the Hamiltonian associated with the charge degrees of freedom is exactly diagonalized. Further, by means 

References 
[1] Z. Y. Meng, T. C. Lang, F. F. Assaad and A. Muramatsu., 

fermions, Nature 464, pp. 847-852 (2010). 
[2] M. Mecklenburg and B. C. Regan, , Phy. Rev. Lett. 106, pp. 116803-

116807 (2011). 
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Borromean window for H2
+ with screened Coulomb 

potentials 

Sabyasachi Kar1 and Y. K. Ho2,*

1. Center for Theoretical Atomic and Molecular Physics, The Academy of Fundamental and Interdisciplinary 
Sciences, Harbin Institute of Technology, Harbin 150080, P. R. China  

 

Search for Borromean states for few-body quantum systems has gained considerable attention in recent 
years [1]. For an N-body system, a bound state is called Borromean state if there is no path to build it via a series 
of stable states by adding the constituents one by one. The Borromean binding is intimately related to two other 

areas such as nuclear physics, molecular physics, chemical physics and DNA. In this study, we are interested to 
search Borromean windows for the H2

+ ions. With abundances of the H2
+ ions in interstellar matter, and with recent 

experimental advancements in the experiments of H2
+ using laser spectroscopy, it is of great important to study vari-

is the screening parameters. In this work, we have estimated the critical range of screening parameters to establish 
Borromean windows for H2

+ for each partial wave states up to L = 4. 

Reference 
[1] S. Kar and Y. K. Ho, Chem. Phys. Lett. 506, 282 (2011), references therein.
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f – nl and 

5p – nl

U. I. Safronova* and A. S. Safronova

Physics Department, University of Nevada, Reno, NV 89557, USA  
*ulyanas@unr.edu 

Relativistic and correlation effects are important in calculations of atomic data for low-ionized W ions. Wave-
lengths, transition rates, and line strengths are calculated for the multipole (E1, M1, E2, M2, and E3) transitions 
between the excited [Cd]4f135p6nl, [Cd]4f145p5nl f145p6 state in Er-like W6+ ion 
([Cd]=[Kr]4d105s2). In particular, the relativistic many-body perturbation theory (RMBPT), including the Breit in-
teraction, is used to evaluate energies and transition rates for multipole transitions in this hole-particle system. This 
method is based on RMBPT that agrees with MCDF calculations in lowest-order, includes all second-order correla-
tion corrections and corrections from negative-energy states. The calculations start from a [Cd]4d145p6 Dirac-Fock 

order RMBPT is used to determine the multipole matrix elements needed for calculations of other atomic properties 
[1]. In addition, core multipole polarizability is evaluated in random-phase and DF approximations. These are the 

ab initio calculations of energies and transition rates in Er-like tungsten. This research was supported by DOE 
under OFES grant DE-FG02-08ER54951. 

Reference 
[1] U. I. Safronova, A. S. Safronova  –– n l

and Yb-like tungsten ions, J. Phys. B 43, pp. 074026 (2010).



Meng-Jung Lee, Yi-Hsin Chen, I-Chung Wang, and Ite A. Yu*

Department of Physics and Frontier Research Center on Fundamental and Applied Sciences of Matters, National 
 

Photons are superior information carriers and, consequently, manipulation of photon states, such as all-optical 
switching (AOS) and cross-phase modulation (XPM), has been considered as a promising means in quantum com-
munication and quantum computation. Due to large nonlinear susceptibilities at low-light levels, the AOS and 
XPM based on the EIT effect make the single-photon operation feasible. However, existence of the four-wave 

operation. Here, we experimentally and theoretically demonstrated that an optimum switching detuning makes the 

results of this work can be directly applied to the EIT-based XPM. Our study provides useful knowledge for the 

Reference 
[1] M. J. Lee, Y. H. Chen, I. C. Wang, and I. A. Yu, Opt. Express 20, 11057 (2012).

Renaud Mathevet1,2,*, Bruno Viaris de Lesegno3, Laurence Pruvost3,  
and Geert L. J. A. Rikken1,2

1. Laboratoire National des Champs Magnétiques Intenses, CNRS-INSA-UJF-UPS,  
143 avenue de Rangueil, F31400 Toulouse, France  

2. Université de Toulouse, LNCMI-T, F-31062 Toulouse, France  
3. Laboratoire Aimé Cotton, CNRS II, Université Paris Sud, 91405 Orsay, France  

*renaud.mathevet@lncmi.cnrs.fr 

We present two experiments involving the interplay between the shape and the polarization of a light beam. 
It can be shown [1] that a gaussian focussed beam, asymptotically linearly polarized, acquires through propaga-

tion a small circular component, essentially in the Rayleigh range around the focal point. Following [2], we experi-
mentally investigate this effect using Magneto-Circular-Dichroism, i. e. differential absorption of the right and left 

We also searched for an analog of MCD using the orbital angular momentum of the beam instead of the intrin-
sic angular momentum associated with circular polarization. The effect, if non-zero for the chosen transition around 

= ±1  Laguerre-Gauss beams.

References 
[1] Davis, L. W., “Theory of Electromagnetic Beams”, Phys. Rev. A, 19, 1177 (1979). 
[2] Yang, Nan and Cohen, Adam E., “Local Geometry of Electromagnetic Fields and Its Role in Molecular Multipole Transitions”, 

J. Phys. Chem. B 115, 5304 (2011). 



156

J. Lehto* and K.-A. Suominen

Turku Centre for Quantum Physics, University of Turku, Finland  

Level crossing models for two-state quantum systems provide an important tool for the study of quantum dy-
namics in a wide variety of physical problems. The most prominent example of these models, the Landau-Zener 
model [1], has been successfully applied in many situations over the years. In the recent years, however, there has 
been a growing interest to study more general dynamics than given by the LZ case [2]. We address and discuss the 
basic characteristics of the special case of superparabolic level glancing, i.e., when the detuning is proportional to 

References 
[1] C. Zener, Proc. R. Soc. Lond. A 137, 696 (1932). 
[2] N. V. Vitanov and K.-A. Suominen, Phys. Rev. A 59, 4580 (1999). 

atomic beam

Paul Knowles*, Jean-Luc Robyr, and Antoine Weis

 

The experiment proposed in [1] for an independent measurement of the third order scalar polarizability of the 

-
ing the Paris [2] measurement. Details of our experiment, the results, and the limiting systematic effects will be 
presented. 

References 
[1] J.-L. Robyr, P. Knowles, and A. Weis, Proccedings of the IEEE International Frequency Control Symposium, 2009, Joint with 

the 22nd European Frequency and Time forum. pp. 600–603 (2009). 
[2] P. Rosenbusch, S. Zhang, and A. Clairon. Proccedings of the IEEE International Frequency Control Symposium, 2007, Joint 

with the 21st European Frequency and Time forum. pp. 1060–1063 (2007). 
[3] A. Godone, et. al. Phys. Rev. A, 71(6) 063401, (2005). 
[4] J.-L. Robyr, Doctoral Dissertation, University of Fribourg, Switzerland, (2011). 
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We present a theoretical and experimental study of spin precession in the presence of both a static and an 

and of arbitrary strength. Due to the intrinsic non-linearity of the system, previous models that account only for 
the simple sinusoidal case cannot be applied. We suggest an alternative approach and develop a model that closely 
agrees with experimental data produced by an optical-pumping atomic magnetometer. We demonstrate that an 

Iavor I. Boradjiev* and Nikolay V. Vitanov

 

We consider the phenomenon of decreasing of the spectral line width with increasing the coupling strength 
(power narrowing) for the case of two-level system coherently driven by a bell-shaped symmetrical pulse, and a 

the problem in the adiabatic basis, by means of analysis of the adiabatic condition, we show that power narrowing 
is possible when the asymptotic behavior of the coupling function is given by a power-low [~ (t T)–q]. The results 
are of potential application in high-precision spectroscopy. 
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R. Thomas*, C. Kupchak, and A. I. Lvovsky

Institute for Quantum Information Science, University of Calgary, Calgary, Alberta T2N 1N4, Canada  
*rjthomas@ucalgary.ca 

We investigate EIT in a dense rubidium vapour (N -

window exhibits a sharp cusp whose minimum width was measured to be 1 MHz, which is strong evidence for EIT 
as the natural line width of the transition is 6 MHz [1]. Furthermore, we investigate the effects of EIT on both the 
lateral and angular Goos-Hänchen shifts by measuring the position of a Gaussian beam using a balanced detector. A 

and compared to the experimental data. The possibility of light storage and applications to fundamentally compact 
frequency references [2] and frequency selective beam displacers are discussed. 

References 
[1] Petr Anisimov and Olga Kocharovskaya, J. Mod. Opt. 55, 3159 (2008). 
[2] J. Vanier, Appl. Phys. B 81, 421 (2005). 

atoms

A. Wojciechowski*, K. Sycz, J. Zachorowski, and W. Gawlik

 
 

We present results of our latest experiments on magneto-optical effects in laser-cooled non-degenerate ru-
bidium samples. Interaction of atoms with a linearly polarized light leads to an effective creation of long-lived 
ground-state Zeeman coherences, which is observed through the nonlinear Faraday effect [1] or free induction 
decay signals of the Larmor precession. Coherence life-times of up to a few milliseconds are observed in a simple 
magnetic shield. Application of these effect to the precision magnetometry and its potential limits are presented. 
Moreover, Zeeman coherences form a versatile tool for studying superposition states which are vital to fundamen-
tal atomic physics and quantum information. We demonstrate the dynamics of coherent superposition states under 

instantly create maximum allowed Zeeman coherences [2]. 

References 
[1] A. Wojciechowski, E. Corsini, J. Zachorowski, and W. Gawlik, Nonlinear Faraday rotation and detection of superposition 

states in cold atoms, PRA 81, 053420 (2010). 
[2] G. P. Djotyan et al., Creation and measurement of cohrent superposition states in multilevel atoms, Proc. of SPIE 7998, 

79881A (2011). 
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S. Yoshida1,*, J. Burgdörfer1, S. Ye2, and F. B. Dunning

1. Vienna University of Technology, Vienna, Austria (EU)  
2. Rice University, Houston, Texas, USA  

The direct UV photoexcitation of ground-state potassium atoms to high-lying (n ~ 300) Rydberg states in the 

theory. Even though very-high-n states are close to the classical limit, evidence of quantum optical effects such as 

more complex as multiphoton transitions become important. 
Research supported by the NSF, the Robert A. Welch Foundation, and by the FWF (Austria). 

Michael K. Shaffer*, Grady T. Phillips, Boris V. Zhdanov, Keith A. Wyman, and Randy J. Knize

US Air Force Academy, Colorado Springs, Colorado, USA 
*Michael.Shaffer.ctr@usafa.edu 

Recently, there has been renewed interest in the dynamics of laser driven ionization of alkali metal vapors in a 

environment found in an operating alkali vapor laser1. Multistage photo excitation to high lying states is commonly 
observed and can lead to ionization via direct photo ionization or several collision mechanisms2. Our investigation 
considers two common alkali laser systems where either 133Cs or 85Rb vapors (~1013 3) with 500 Torr of 

laser light driving the n2S 2P 2, will relax to the n2P  state via buffer gas 
collisions, and will lase on the n2P 2S 2. A combination of optical and 
in situ electrical techniques is used to characterize the system.

References
[1] R. J. Knize, B. V. Zhdanov, and M. K. Shaffer, “Photoionization in alkali lasers”, Opt. Express 19 (8), pp. 7894 (2011).
[2] A. G. Leonov, D. I. Chekhov, A. N. Starostin, “Mechanisms of resonant laser ionization”, JEPT 84 (4), pp. 703 (1997).
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Timur Zalialiutdinov, Dmitry Solovyev, and Leonti Labzowsky*
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Accurate theory of the multiphoton transitions in hydrogen with cascades is formulated on the basis of QED. As 
it was discovered in [1], [2] the 2-photon decay of 2s level led to the escape of radiation from the matter and allowed 
for the hydrogen recombination in the early universe. The escaped radiation is observed now as Cosmic Microwave 
Background (CMB) which properties were measured recently with high accuracy with the cosmic telescopes, 
providing the knowledge about the hydrogen recombination epoch. Recently it was suggested that the two-photon 
radiation from the excited ns n nd( )> ,2  levels could give a sizable contribution to the recombination process [3]. 
Unlike 2s case, the decay of the higher excited levels contains the cascade contribution. The description of such 
decays requires more careful treatment on the basis of QED. We present also a QED theory of the radiation escape 
for the model of the universe containing only two atoms. This model allows to estimate the role of the two- and 
three-photon escape from ns n nd( )> ,2  levels compared to the role of 2s level. The estimate predicts a correction 

References 
[1] Ya. B. Zel’dovich, V. G. Kurt and R. A. Sunyaev, Zh. Eksp. Teor. Fiz. 55, 278 (1968). 
[2] P. J. E. Peebles, Astrophys. J. 153, 1 (1968). 
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We propose a scheme to probe the quantum coherence in the state of a nano-cantilever based on its magnetic 
coupling (mediated by a magnetic tip) with a spinor Bose Einstein condensate (BEC). By mapping the BEC into 
a rotor, its coupling with the cantilever results in a gyroscopic motion whose properties depend on the state of the 

the presence of quantum coherence in the state of the cantilever. [1] 

Reference 
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Julian Berengut and Victor Flambaum

The results of a very large study of around 300 quasar absorption systems provide hints that there is a spatial 
 [1]. In one direction on the sky  appears to have been 

smaller in the past, while in the other direction it appears to have been larger. A remarkable result such as this must 
-

tion of the fundamental constants in the laboratory, meteorite data, and analysis of the Oklo nuclear reactor can be 
used to corroborate the spatial variation observed by astronomers [2]. In particular we can expect the yearly varia-

tion of  in laboratory measurements to be ɺ ∼/ − −
10

19 1
yr . The required accuracy is two orders of magnitude 

below current atomic clock limits, but there are severalproposals that could enable experiments to reach it. These 
include nuclear clocks and transitions in highly-charged ions that would have very high sensitivity to -variation. 

References 
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(2011). 
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We present a novel tool for extremely sensitive and spatially resolved absorption spectroscopy on nanoscale 
objects. To boost sensitivity, multiple interactions of probe light with an object are realized by placing the sample 
inside an optical scanning microcavity. It is based on a laser machined and mirror-coated end facet of a single mode 

sample through the microscopic cavity modeyields a spatially resolved map of absorptivity of the sample. 

polarization sensitive absorption measurements as well as measurements on dispersive and birefringent effects of 
the samples. 

Reference 
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The high harmonic generation (HHG) process enables an extension to the short wavelength EUV spectral 

produce HHG in Ar gas with 50fs laser pulses. To control HHG we use a spatial light modulator, shaping the wave 
front of the fundamental radiation by introducing spatially distributed phase delays. We show that by imposing ap-
propriate phase structures on the fundamental beam the output of high harmonics can be enhanced many fold, and 
also interference phenomena in HHG can be observed. The extension of the EUV spectrum to shorter wavelength 
due to enhanced energy release in the electron-ion recombination is also possible. This work was supported by the 
Welch Foundation (grant No. A1546) and the NSF (grant No. 0722800).
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femtosecond radiation 
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*necatiphy@gmail.com 

We studied white-light generation in water using spatially-structured beams of femtosecond radiation. By 
changing the transverse spatial phase of an initially Gaussian beam with a 1D spatial light modulator to that of 
Hermite–Gaussian modes (HGn,m), we were able to generate beams exhibiting phase discontinuities and steeper in-
tensity gradients. Under certain experimental conditions, when the spatial phase of an initial Gaussian beam (show-

01, or HG11

white-light was generated. Because self-focusing is known to play an important role in white-light generation, the 

of the laser intensity for beams having step-wise spatial phase variations were modeled using the Huygens-Fresnel- 
Kirchhoff integral in the Fresnel approximation and were found to be in excellent agreement with experiment. This 
work was supported by the Robert A. Welch Foundation (grant No. A1546), the National Science Foundation (grant 
No. 0722800).
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We present a method that harnesses coherent control capability to two-dimensional Fourier-transform optical 
spectroscopy. For this, three ultrashort laser pulses are individually shaped to prepare and control the quantum 
interference involved in two-photon interexcited-state transitions of a V-type quantum system. In a three-pulse 
coherent control experiment of atomic rubidium, the phase and amplitude of controlled transition probability is re-
trieved from a two-dimensional Fourier-transform spectral peak and we show theoretically and experimentally that 
two-photon coherent control in a V-shape three-level system projects a one-photon coherent transient in a simple 
two-level system. The second- and third-order spectral phase terms of a shaped laser pulse play the roles of time 
and quadratic spectral phase, respectively, in conventional coherent transients [1, 2]. 
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few-cycle laser pulses. We demonstrate quantitative agreement between ab initio
level over an unprecedented range of laser intensity and electron energy [1] and use the results to perform laser in-

of the H photoelectron yield, which will enable accurate ab initio calibration of absolute laser CEP. 
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-
gered anisotropy on the square lattice, we re-investigate the phase transition of this model induced by dimerization 

s12L s22L, where 
L si with i  {1, 2} is the spin-stiffness in the i-direction. 

s12L s22L exhibit 
a good scaling behavior without any indication of a large correction. As a consequence, we are able to obtain a 
numerical value for the critical exponent v which is consistent with the known O(3) result with moderate computa-

s22L to their expected scaling form, we obtain v = 0.7120(16) 
which agrees quantitatively with the most accurate known Monte Carlo O(3) result v = 0.7112(5). 
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around the atomic cloud. An active compensation system is being designed, with the measurement outcomes feed-
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z , can then be compensated. Additional informa-
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the level of 0.1 mG for for the ultracold strontium experiment. 
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Random laser in cold atoms
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Random lasing in a medium with scattering and gain has been predicted by V. Letokhov [1] with threshold is 
given by a critical size of the medium required to overcome losses via scatetring through the surface. Such random 
lasing has is also under investigation in astrophysical systems [2], where non thermal equilibrium coniditions can 
exist in dilute cloud of plasma. Many random lasers based on condensed matter systems have been realized in the 
last 25 years, but the existence of gaz lasers, the realization of random lasing in dilute atomic vapours has not been 
reported. We show that a cloud of cold atoms can be a good tool to study random laser with resonance scattering 

enhanced scattering for the anti-stockes photon, gain and scattering have been combined with a single atomic spe-
cies of 85Rb. We observe signatures of random lasing in the total emission which displays a threshold behaviour 
with optical thickness of the cloud. 
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The internal disorder of Rydberg atoms as contained in their position and momentum probability densities is 

expectation values, the Shannon entropy and the Fisher information. The leading term of these quantities is rigor-
ously calculated by use of the asymptotic properties of the concomitant entropic functionals of the Laguerre and 
Gegenbauer orthogonal polynomials which control the wavefunctions of the Rydberg states in both position and 
momentum spaces. The associated generalized Heisenberg-like, logarithmic and entropic uncertainty relations are 
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It is well known, when a plane electromagnetic wave passing through an interferometer (for example Fabry-Pe-
rot or Michelson) its transmission bands are equidistant with an interval equal to radiation half wavelength. This has 
been the basis for creating the optical ruler, in which stabilized laser wavelength serves as the reference length [1]. 
The femtosecond laser [2] can be used for creation of the length standard too. In the present study it was found that 
the shape of the interferometer passbands is asymmetric due to laser beam divergence. Physics of this phenomenon 
is caused by the difference between wavefront curvatures of interfering light beams. It is shown that the asymmetry 
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Atomic physics experiments based on ultracold atoms have a wide range of applications beyond the laboratory 

are likely to play a crucial part in emerging quantum based technologies such as cryptography, quantum simulators, 
networks and information processing. Over a decade of research has been devoted to translating these experiments 
onto microfabricated platforms known as atom chips. These are, however, far from ‘lab-on-a-chip’ and remain 

laser systems and detectors, which have yet to be completely miniaturized. Our research is directed at tackling 

perform the roles of standard atomic physics apparatus in an integrated and mass-manufacturable way. Our initial 
studies into obtaining, maintaining and measuring ultrahigh vacuum in a micro-litre cavity are presented as well as 
integrated atom sources and novel magneto-optical trap geometries. 


