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Important achievements have been accomplished until now in neutral particle interferometry. To extend this 

stable interferometer for ions and charged molecules. It potentially combines the advantages of electron, atom 
-

tron beams can be applied on ions together with the possibility of laser manipulation of ionic states or thermal 
rovibrational excitation in charged molecules. Such an interferometer can cover fundamental Aharonov-Bohm 
experiments that were up to now mainly accessible for pointlike electrons, for particles with inner structure and test 
gauge and decoherence theories. In our setup, a stable and coherent ion beam will be separated and recombined by 

sensitive, compact sensors for rotation and acceleration.
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condensates
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Quantum correlations could be used in atomic clocks and interferometers to increase their sensitivity with re-
spect of using uncorrelated atoms. A simple class of states useful for metrology are spin squeezed states. Recently 
such states could be obtained using interactions in condensates with two internal states [1]. A crucial question is 

atom number N
a spatially homogeneous system and show that it is bounded from above by the initial non-condensed fraction [2]. 
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Interferometers using N uncorrelated (non-entangled) particles are fundamentally limited by shot-noise to an 

interferometric phase uncertainty of ∆ ≥ /1 N . This standard quantum limit (SQL) is particularly relevant in 

with small probe size (small N
limit ∆ ≥ /1 N. 

uncertainty of 4.0 dB below the SQL [1]. Our interferometer employs N = 1300 entangled atoms in a spin-squeezed 
state and maintains performance below the SQL for Ramsey interrogation times up to 20 ms. Using an atom chip, 
we spatially scan the spin-squeezed atoms over 10 m while maintaining sub-SQL operation. We perform a quan-
tum-state tomography of our interferometer input state [2], demonstrating a spin noise reduction of up to 4.5 dB 

References 
[1] C. F. Ockeloen, M. F. Riedel, R. Schmied, and P. Treutlein, to be published (2012). 
[2] R. Schmied and P. Treutlein, New J. Phys. 13, 065019 (2011). 
[3] P. Böhi, M. F. Riedel, T. W. Hänsch, and P. Treutlein, Appl. Phys. Lett. 97, 051101 (2010). 

 Tu-004 Atom interferometry

measurements

Franck Pereira dos Santos*, Bruno Pelle, Adèle Hilico, Gunnar Tackmann, Sophie Pélisson, 
Riccardo Messina, Marie-Christine Angonin, and Peter Wolf

LNE-SYRTE, Observatoire de Paris, CNRS, UPMC, LNE, Paris, France 
*franck.pereira@obspm.fr 

We have demonstrated laser controlled tunneling of 87Rb atoms in a vertical optical lattice using two- photon 
Raman transitions [1], allowing performing high resolution laser spectroscopy of Wannier Stark (WS) states. A 

This realizes a trapped atom interferometer, which, in our geometry, is sensitive to the difference in gravitational 
potential energies between the coupled WS states, allowing for a precise measurement of the Bloch frequency 

= , where m is the mass of the 87Rb atom, g the gravity acceleration, and  the lattice laser wavelength. We 
have reached a relative sensitivity on  of 10-5
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We report that atomic interactions not only lead to quantum and spatial dephasing of a trapped BEC inter-

coherence of an interacting two-component Bose-Einstein condensate of 87Rb atoms surviving for seconds in a 

rephasing of condensate wave functions with a slow decay of the interference fringe visibility. We apply spin echo 
-

.75 at the evolution time of 1.
higher visibility than experimentally observed values. We quantify the effects of classical and quantum noise and 
infer a coherence time of 2.8 s for a trapped condensate of 5.5 × 104 interacting rubidium atoms.
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-
ferometry. We show that the new entanglement measure is directly proportional to enhanced phase-measurement 
sensitivity. As an example, we calculate the phase-entanglement of the ground state of a two-well, coupled Bose-
Einstein condensate, similar to recent experiments[1]. We show that a new type of quantum squeezing is found, 
namely planar quantum squeezing [2], which squeezes two orthogonal spin directions simultaneously. This is pos-
sible owing to the fact that the SU(2) group that describes spin symmetry lives in a three-dimensional space, of 
higher dimension than the group for photonic quadratures. The advantage of planar spin-squeezing is that, unlike 
conventional spin-squeezing, it allows noise reduction over all phase-angles simultaneously. 
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In this poster we present a novel type of output coupling of an atom-laser from a BEC. Traditional output 

BEC. The gravitational output coupler, presented here, uses a strong dress the trapping potential of a 
Ioffe-Pritchard magnetic trap such, that a small hole is created in the very bottom of the trap. The gravitational 

-
mF = 2 state. This not only increases 

thebrightness of the atom laser by a factor of 5, but also raises the spectre of a reversible atom laser, where the beam 
not only exits, but also enters a BEC. We demonstrate well-collimated atom beams – both of thermal and condensed 
origin – and discuss their transverse coherence. 
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We report on the implementation of a Bragg-type interferometer operated with a chip-based atom laser for Ru-
bidium 87Rb. With the chip based atom laser we can generate thermal ensembles 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 transferring atoms in the individual 

could extend the observation of a BEC of only 104

in microgravity we could combine this with an asymmetric Mach-Zehnder type interferometer over hundreds of 
milliseconds to study the coherence and to analyze the delta kick cooling with the help of the observed interference 
fringes.
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We investigate the use of a Bose-Einstein condensate trapped on an atom chip for making interferometric mea-
surements of small energy differences[1,2]. A nearly pure condensate is split horizontally using an RF magnetic 

is turned off allowing the clouds to interfere in free fall. For varying height separations we measure the relative 
phase difference between the clouds from the observed fringes in the atomic density distribution. We measure and 
explain the noise in the energy difference of the condensates, which derives from the binomial distribution in the 

considered systematic errors and are now working towards more precise control of the atoms. This will improve the 
accuracy that the interferometer can achieve. 
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We have developped a compact, robust and transportable cold atom inertial sensor to test the Univarsility of 

87

reject vibrations by correlating the atom sensor with an external mechanical accelerometer [2]. 
The next step, by adding another atomic species (39K) to our system, is to perform a test of UFF. We have con-

structed a dual-wavelength laser system and performed simultaneous cooling of Rb and K in two species MOT. 
We will then use the atom interferometer to measure the differential acceleration between the two atom clouds in 
free-fall. This will be an important step towards a space-based test at the level 10–15, such as the one planed in the 
frame of ESA’s STE-QUEST mission [3]. 
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Bright solitons [1, 2] are suitable candidates for matter-wave interferometry due to their self focusing, and 

non-dispersive nature. In our experiments, we use the broad Feshbach resonance of 7Li in the 1 1,  state to tune the 
scattering length through zero to small negative values to form a single bright matter wave soliton close to the criti-

interaction with a thin potential barrier formed by a near-resonant, blue detuned, cylindrically focused laser beam 
that perpendicularly bisects the trapping beam at its focus. Through adjustment of the barrier potential, the soliton 

soliton we study the phase dependent interactions on the subsequent barrier interaction. 
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State of the art clocks carry out frequency measurements at the eighteenth decimal place [1]. As the projected 
“end-of-the-road” fractional accuracy of such clocks is at the level of 10–18, it is natural to wonder how to extend 
the accuracy frontier even further. While the nuclear clock [2] holds a promise of a projected accuracy at the 
improved 10–19 level, it relies on a yet unobserved optical transition in the radioactive 229Th nucleus. Considering 
large uncertainties of nuclear models, the frequency of that transition can not be reliably computed. Here we show 
that the nuclear clock performances can be replicated with atomic systems, fully overcoming these challenges. We 
identify several highly-forbidden laser-accessibe transitions in heavy stable isotopes of highly-charged ions (HCI) 
that may serve as clock transitions. Similarly to the singly-charged ions of modern clocks [1], HCIs can be trapped 
and cooled. The key advantage of HCIs comes from their higher ionic charge. As the ionic charge increases, the 
electronic cloud shrinks thereby greatly reducing couplings to detrimental external perturbations. Our analysis of 
various systematic effects for several HCIs demonstrates the feasibility of attaining the 10–19 accuracy mark.
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Frequency standards based on optical atomic transitions show great promise as next generation clocks and 
some have already demonstrated frequency stabilities and systematic uncertainties better than the current caesium 
fountain microwave primary frequencystandard [1, 2]. One prime example is the Sr optical lattice clock, which has 
reached fractional frequency uncertainties at the level ~ 1 × 10–16 in several laboratories, limited by knowledge of 
the black-body radition (BBR) induced frequency shift [1]. At NPL, a Sr optical lattice clock apparatus is under 
development with the capability to directly measure the BBR-induced frequency shift. As an initial step, we have 

report on recent progress, with focus on compact narrow linewidth clock laser systems, novel BBR measurement 
apparatus, and characterisation of the permanent-magnet Zeeman slower. 
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Optical lattice clocks based on alkaline earth atoms outperform single ion clocks [1] in measurement precision, 
and they have the potential to catch up with ion clocks in overall systematic uncertainty. The fractional uncertainty 

–16 [2]. To demonstrate a much smaller 
systematic uncertainty, we have built a second generation lattice clock based on a cavity enhanced optical lattice 

improves our signal to noise and reduces density-dependent collision shifts. Comparing our two strontium clocks, 
we are able to average down to the 10–17 level in 500 s. We report on our progress using this unprecedented stability 
to evaluate systematics beyond the 10–17 level. 
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We investigate an optical frequency standard based on the 467 nm electric-octupole transition 2S 2F  in a 
single trapped 171Yb+ ion. The extraordinary features of this transition result from the long natural lifetime and from 
the 4f 136s2 2F  state are smaller 
than for the metastable D states in the alkaline earth ions. Recently, we have realized the unperturbed frequency of 
the octupole transition with a fractional uncertainty of 7.1 × 10–17

is caused by the light shift induced by the laser driving the octupole transition. We have thereforeimplemented the 
generalized Ramsey excitation scheme proposed in [2] – using two pulses that are tailored in duration, frequency 
and phase. We demonstrate the elimination of the light shift dependence of the frequency of the central Ramsey 
resonance, which largely reduces the corresponding uncertainty. 
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 Tu-016 Atomic clocks

and U nuclear clocks

Julian Berengut, Vladimir Dzuba, and Victor Flambaum

The low-energy (7.6 eV) transition in Th-229 could provide a reference for an optical clock of extremely high 
accuracy [1, 2]. Nuclear clocks would be very sensitive probes of any potential changes to the values of funda-
mental constants of nature [3, 4]. The 76 eV isomeric transition of U-235 has some potential advantages over the 
Th-229 transition, not least that its properties (energy, line width) are well known. With recent advances in high-UV 
frequency combs using high-harmonic generation [5] the transition may come within laser range in the foreseeable 
future. We present results of nuclear and atomic calculations that show a U-235 nuclear clock would have compa-
rable accuracy to the Th-229 clock, and an absolute sensitivity to variation of fundamental constants that is larger 
than any other proposed laboratory reference standard. 
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Laser frequency stabilization via spectral-hole burning has the potential to extend laser coherence beyond 
what is possible with Fabry-Pérot cavities. Spectral holes in Eu3+

2SiO5 crystals are less sensitive to the thermal 
noise that limits optical cavities [1], and for two crystals we observe differential fractional-frequency noise below 
4 × 10–17. The absolute performance is currently limited by technical noise at an Allan deviation of 2 × 10–16 with 
atypical drift rate of 3 × 10–17

sensitivity of 2(1) × 10–11 –12

Supported by DARPA, ONR, and AFOSR. 
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In this poster, we describe an optically pumped cesium-beam frequency standard (JPO) under reconstruction 
at the National Centre for Nuclear Science and Technology (CNSTN) in Tunisia. This prototype instrument which 

The aim of this project is the transfer of JPO clock from SYRTE to CNSTN. It will be rebuilt in Tunisia, studied 
and characterized. New approaches will have to be found in order to evaluate its accuracy without having an onsite 
reference clock, but using comparisons by satellite. The purpose of the project is also to demonstrate the feasibility 
of improving the performance of the optically pumped cesium beam clock. 
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We show that four group IIIB divalent ions, B+, Al+, In+, and Tl+ have anomalously small blackbody radiation 

(BBR) shifts of the ns2 1S0 – nsnp 3P 0
o  clock transitions [1, 2]. The fractional BBR shifts for these ions are at least 

10 times smaller than those of any other present or proposed optical frequency standards at the same temperature. 

-
duce the BBR contribution to the fractional frequency uncertainty of the Al+ clock to 4 × 10–19 at T = 300 K. We also 
reduce the uncertainties due to this effect at room temperature to 10–18 level for B+ In+, and Tl+ to facilitate further 
development of these systems for metrology and quantum sensing. These uncertainties approach recent estimates 
of the feasible precision of currently proposed optical atomic clocks. 
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-
surements of h/M for 87Rb [1] combined with the Rydberg constant, atomic transition frequencies, and the atomic 
masses of the electron and of 87Rb [2]. An improved photon-recoil value for alpha will enable the combination 
of theory and experiment for the g-factor of the electron (which produces the most precise value for alpha), to 
provide an improved test of QED. Besides the alkalis, isotopes of the alkaline-earths and ytterbium make promis-
ing candidates for precise photon-recoil measurements of h/M(atom). In addition, the mass of 40Ca is required for 
obtaining the g
of Ca19+, which can be used to test bound-state QED [3]. For these and other applications, by measuring cyclotron 
frequency ratios of pairs of ions in a cryogenic Penning trap, we obtain the atomic masses of 40Ca, 86,87,88Sr, and 
170,171,172,173,174,176Yb, to a relative precision in the region of 2 x 10-10.
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Measurement of a non-zero electric dipole moment (EDM) of the electron within a few orders of magnitude of 
the current best limit [1] of 1.05 × 10-27 e × cm would be an indication of CP violation beyond the Standard Model. 
The ACME Collaboration is searching for an electron EDM by performing a precision measurement of spin pre-
cession signals from the metastable 3

1 state of thorium monoxide (ThO) in a cold and slow beam. We discuss the 

We have achieved a one-sigma statistical uncertainty of 7 × 10-29 √‾T, where T is the experimental running 
time in days, based on a data set acquired from 14 hours of running time over a period of two days.

Reference 
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We have measured the absolute frequency of the 1557-nm doubly forbidden transition between the two meta-
stable states of helium, 2 3S1 (lifetime 8000 s) and 2 1S0 (lifetime 20 ms), with 1 kHz precision [1].With an Einstein 

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

3 3P transition [2].  
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resolving transitions in atomic argon and neon at 82 and 63 nm, respectively. The XUV frequency comb is generated by 
frequency up conversion of a near-infrared frequency comb via intra-cavity high-harmonic generation. It is capable of 

linewidth of 10 MHz, limited by Doppler broadening, is unprecedented in this spectral region and provides a stringent 
upper limit on the linewidth of individual comb teeth. The measured transition frequency of 3,655,454,073 ± 3 MHz is 
limited by residual Doppler shifts and provides ~103 times improvement over earlier measurements. We will also discuss 
ongoing XUV comb coherence studies via heterodyne beat of two such combs, which will provide a new paradigm for 
high precision tests and spectroscopy in the XUV.
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The precision measurement of an electron electric dipole moment (eEDM) is an experiment that tests fundamental 
3

1 metastable 

coherence times [2]. To create HfF+

beam of neutral HfF molecules to a Rydberg state, which then autoionizes into predominantly a single rovibrational level 
of HfF+ in its ground 1 + state. The autoionized HfF+ in the ground state can then be transferred to the 3 1 state using transi-

out of energy levels of HfF+ up to 15000 cm–1

promising transitions to the 3
1 state; the loading and trapping of ions in a novel radiofrequency Paul trap optimized for 

the National Science Foundation and the Marsico Endowed Chair. 
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We are presently starting a project aiming to fully characterize a new generation of atomic gyroscope based 
on the detection of a nuclear spin orientation with an alkali magnetometer [1]. The key element of the device is a 

gas (Rb, K…) with an electronic spin and a noble gas (3He, 21Ne, 129Xe…) with a nuclear spin. The noble gas is 
-
-

lisional regime (Spin Exchange Relaxation Free – SERF) allowing the realization of an ultra sensitive in situ alkali 
magnetometer [2] which detects the nuclear spin dynamic and then gives us a rotation measurement of the system. 
Our project deals with the conception, realization and characterization of this nuclear-electronic spin gyroscope 
very promising for applications requiring miniature sensors with a high performance.

References 
[1] T. W. Kornack, R. K. Ghosh, and M. V. Romalis, “Nuclear Spin Gyroscope Based on an Atomic Comagnetoter”, PRL, vol. 

95, 230801, 2005.
[2] I. K. Kominis, T. W. Kornack, J. C. Allred, and M. V. Romalis, “A subfemtotesla multichannel atomic magnetometer”, Nature, 

vol. 422, p. 596-599, 2003. 
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Accurate measurement and control of an IR laser 

B. Chanteau1,*, O. Lopez1, W. Zhang2, G. Santarelli2, Y. Le Coq2, F. Auguste1, B. Darquié1, C. Chardonnet1, 
and A. Amy-Klein1

1. Laboratoire de Physique des Lasers, CNRS and Université Paris 13, Villetaneuse, France 
2. LNE-SYRTE, Observatoire de Paris, CNRS, UPMC, Paris 

*bruno.chanteau@univ-paris13.fr

Ultra-high-resolution spectroscopy enables to test fundamental physics with molecules such as parity non con-
servation 0 or the stability of the electron-to-proton mass ratio 0. It is thus very challenging to develop an ultrastable 
frequency stabilization scheme in the mid-IR region where molecules exhibit rovibrational transitions. We have 
built a frequency chain which enables to measure the absolute frequency of a CO2 laser emitting around 10 µm 
and stabilized onto a molecular absorption line. The set-up uses an optical frequency comb with sum-frequency 
generation. The frequency reference is an ultrastable 1.55 µm laser, transferred from SYRTE to LPL by an optical 
link [3]. We are now progressing towards the frequency stabilization of the IR laser via the frequency comb and the 
extension of this technique to quantum cascade lasers for a larger spectral range.

References 
[1]. B. Darquié et al., Chirality 22, pp. 870-884 (2010).
[2]. A. Shelkovnikov et al., Phys. Rev. Lett. 100, p. 150801-150803 (2008).
[3]. O. Lopez et al., Opt. Expr. 18, p. 16849-16857 (2010). 
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SYRTE is developing an ensemble of high performance atomic clocks comprising 3 laser-cooled atomic foun-
tain clocks [1], 3 optical lattice clocks and ultra stable microwave and optical oscillators. Such an ensemble pro-
vides many possibilities for testing fundamental physical laws, relying on the high accuracy and stability of these 

87Rb and 133

using the fountains. The measurements over 14 years set a stringent limit to a possible variation with time, and 

simultaneous operation with Rb and Cs in one fountain  [2]. Combining with other available highly accurate clock 
comparisons, we provide independent constraints on today time variations and couplings to gravity of the 3 con-

mq QCD, and electron-to-proton mass ratio me mp. 

References 
[1]  J. Guéna et al., Progress on Atomic Fountains at LNE-SYRTE, IEEE Trans. on Ultrason. Ferroelectr. and Freq. Control 59, 

[2]  J. Guéna et al., Demonstration of a Dual Alkali Rb/Cs Fountain Clock, IEEE Trans. on Ultrason. Ferroelectr. and Freq. 
Control 57, no.3, pp. 647-653 (2010). 

 Tu-028 Precision measurements…

fundamental constants

Julian Berengut, Vladimir Dzuba, Victor Flambaum, and Andrew Ong

Optical transitions can occur in some highly charged ions (HCIs) when the ion stage and nuclear charge are 
tuned such that orbitals with different principal quantum number and angular momentum are nearly degenerate [1]. 
In these cases thetransition energy may be within laser range even though the ionisation energy is large (of order 

that could make them suitable for atomic clocks with high accuracy. Strong E1 transitions provide options for laser 
cooling and trapping, while narrow transitions can be used for high-precision spectroscopy and tests of fundamental 

References 
[1]  J. C. Berengut, V. A. Dzuba, V. V. Flambaum, Phys. Rev. Lett. 105, 120801 (2010). 
[2]  J. C. Berengut, V. A. Dzuba, V. V. Flambaum, A. Ong, Phys. Rev. Lett. 106, 210802 (2011). 

[4]  J. K. Webb et al., Phys. Rev. Lett. 107, 191101 (2011). 
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Qiongyi He, Peter Drummond, and Margaret Reid*

 

We construct generalisations of Leggett-Garg (LG) inequalities [1] that test realism (R) and non-invasive mea-
surability (NIM) in multi-particle scenarios not limited to two outcomes. The inequalities provide a means to quan-
tify the level of realism and NIM being tested – from micro, though to meso and, ultimately, macro – with the inclu-
sion of parameters S
number. We show how these LG inequalities are predicted to be violated by dynamical correlated systems, as might 
be realised using double-potential well Bose-Einstein condensates, and atom interferometers [2]. The measured 
output of a Mach-Zehnder interferometer can reveal violations of these inequalities, and be used to falsify classical 

ideal-negative result, and weak quantum nondemolition QND number measurements [3]. 

References 
[1] A. J. Leggett and A. Garg, , Phys. Rev. 

Lett. 54, pp. 857-860 (1985). 
[2] C. Gross et al., Nonlinear atom interferometer surpasses classical precision limit, Nature 464, pp. 1165-1169 (2010). 
[3] M. E. Goggin et al.,  Proc. Natl. Acad. Sci. 108, 

pp. 1256-1261 (2011).
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6He

David Zumwalt for the 6He collaboration

 

The beta decay of 6He presents a unique opportunity to search for new physics. Determining the correlation 
between the electron and the anti-neutrino allows searching for tensor currents predicted by extensions of the Stan-

6He is ideal for this search because it 
is a light nucleus and yields a recoiling 6

measuring the 6Li ion allows kinematic reconstruction of the neutrino momentum. Up to the present the precision 
has been limited due to either low number of 6He atoms (nuclear half-life < 1 second) or interactions of the 6Li 
ions with the environment. To overcome these limitations we have developed the most intense source of 6He in the 
world [1] and we have set up a MOT. We have succeeded in trapping 30 atoms already. We also developed an origi-
nal method, using an additional cycling transition, which allows detection of a few atoms in spite of the unavoidable 
light scattering from the intense trap lasers. Results will be presented. 

Reference 
[1]  A. Knecht et al., Nucl. Instrum. Methods Phys. Res., Sect. A 660, 43 (2011). 
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-
-

2 and make use of either already 

for Rubidium BEC and atom interferometry experiments at 780 nm we achieved an intrinsic linewidth of 190 kHz 
at 1 W and of 300 Hz at 35 mW, respectively. The MOPA module has been successfully vibration tested up to 8 
gRMS random noise, and micro-integrated modules based for 1060 nm that are based on the same integration tech-
nology have successfully passed vibration tests up to 29 gRMS and 1500 g pyro-shock. Further, we outline the next 
steps in diode laser system micro-integration that combine the MOPA and ECDL concepts with micro-integrated 

wavelengths.

 Tu-032 Precision measurements…

Axel Beyer1,*, Arthur Matveev1, Christian G. Parthey1, Janis Alnis1,  
Nikolai Kolachevsky1, Thomas Udem1, and Theodor W. Hänsch1,2

1. Max Planck Institute of Quantum Optics, 85748 Garching  
 

The comparison between measured and calculated transition frequencies in atomic hydrogen can provide strin-
gent tests of bound state QED. For the last decade, this comparison has been limited by the proton charge radius de-
termined by electron-proton scattering. Recently, laser spectroscopy of muonic hydrogen provided a value, which 
is ten times more accurate than any previous measurement [1]. But this value differs from the CODATA 2010 
value, obtained by a global adjustment of fundamental constants using data from electron-proton scattering and 
hydrogen experiments for the proton charge radius, by seven standard deviations [2]. The muonic hydrogen result 
led to a comprehensive search for the cause of this discrepancy, but no convincing argument could be found so 
far. Because the current CODATA value is mainly based on observations in atomic hydrogen, transition frequency 
measurements with improved accuracy can help to solve this puzzle or at least to rule out hydrogen experiments asa 
possible source for the discrepancy. Here we report on the setup which has been developed for the measurement of 
the one-photon 2S -4P  transition frequency and discuss our preliminary results. 

References 
[1]  Pohl et al., The size of the proton, Nature 466 (7303), 2010. 
[2]  Mohr et al., CODATA 2010
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done in May 2011 against the LNE-SYRTE transportable cesium fountain clock FOM has shown a fractional un-
certainty of 4.2×10-15 [1], 3.3 times better than for the previous result from 2003. The second measurement was per-
formed in November 2011 using distant CSF1 fountain clock at PTB, Braunschweig. To compare frequencies we 

transition frequency we can constrain the linear combination of Lorentz boost symmetry violation parameters in 
the SME framework. 

Reference 
[1] C. G. Parthey et al., Phys. Rev. Lett. 107, 203001 (2011).
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Strontium atoms in optical lattices: applications to optical 

N. Poli1,*, M. G. Tarallo1, F.-Y. Wang1, M. Schioppo1, D. Sutyrin1, M. Prevedelli2, and G. M. Tino1

Università di  Firenze, Via Sansone, 1 - Sesto Fiorentino 50019, Italy 
 

I will present the most recent precision measurements done with ultracold strontium atoms trapped in optical 
lattices. While fermionic 87Sr atoms have been considered a good candidate for future optical clocks aiming to 10-17 
relative accuracy or below [1], we concentrated on accurate measurements of gravity with the most abundant 88Sr 
bosonic isotope. The long coherence time in Bloch oscillation exploited with 88Sr trapped in vertical optical lattice, 
allow to observe more than 104 Bloch oscillations with a resulting resolution of 10-7 in gravity measurements, with 
no fundamental limit to reduce the resolution by another order of magnitude. Detailed study of systematic effects 
and a comparison with a classical FG5 gravimeter will be presented [2]. Furthermore, I will present the status of the 
recent developed compact and transportable version of a strontium optical lattice clock [3] and the prospect toward 
optical frequency comparisons with primary frequency standards in Italy.

References 
[1] A. D. Ludlow et al.,  Science 319, 1805 (2008).
[2] N. Poli, et al.,  Phys. Rev. Lett. 106, 038501 (2011).
[3] M. Schioppo et al., Proceedings of EFTF 2010 (2010).
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�, -odd constant obtained from 

interaction calculations

Timo Fleig1 and Malaya K. Nayak2

1. Laboratoire de Chimie et Physique Quantiques, IRSAMC, Université Paul Sabatier, Toulouse, France  

The current upper limit on the electron electric dipole moment (EDM) is | | < . ´ −
d e
e

10 5 10
28  cm [1], from 

-

extensions to the Standard Model of particle physics [2]. 
We have implemented the evaluation of the electron EDM Hamiltonian operator as an expectation value over 

four-component molecular Dirac wavefunctions including the contributions of dynamic electron correlation. The 
electronic-structure programs used in this approach are the KR-CI module [3] of the DIRAC10 program package. 
In initial applications we show the importance of dynamic electron correlation effects on the �, -odd interaction 
constant d in the IH+ molecular ion, a possible candidate [4] in the search for the electron EDM. 

References 
[1]  J. J. Hudson, D. M. Kara, I. J. Smallman, B. E. Sauer, M. R. Tarbutt, et al., Nature 473 (2012) 493. 
[2]  E. D. Commins, Adv. Mol. Opt. Phys. 40 (1999) 1. 
[3]  S. Knecht, H. J. Å. Jensen, T. Fleig, J. Chem. Phys. 132 (2010) 014108. 
[4]  T. A. Isaev, A. N. Petrov, N. S. Mosyagin, A. V. Titov, Phys. Rev. Lett. 95 (2005) 163004-1. 
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Historically, the use of statistical methods for the description of complex quantum systems was primarily moti-
vated by the failure of a line-by-line interpretation of atomic spectra. Such methods reveal regularities and tenden-
cies in the distributions of levels and lines. Up to now, much attention was paid to the distribution of energy levels 
(Wigner surmise, random-matrix model...). However, information about the distribution of the lines (energy and 

lines whose intensities lie between 2kI0 and 2k+1I0, I0 being a reference intensity and k an integer, is a decreasing lin-
ear function of k [1, 2]. In this work, the fractal nature of such an intriguing regularity is outlined and a calculation 
of its fractal dimension is proposed. Other properties which remain unexplained are also presented, such as the role 
of quantum chaos or the fact that the distribution of line strengths follows Benford’s law of anomalous numbers [3]. 

References 
[1]  R. C. M. Learner, , 

J. Phys. B 15, pp. L891-L895 (1982). 
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We have used collinear laser spectroscopy to measure on-line nuclear moments and charge distributions of 
many short lived isotopes. Experiments were done at ISAC, JAEA , and Riken. Nuclei are known to have spherical, 
prolate, oblate and exotic octopole shapes. All of these are rotationally symmetrical. We have further evaluated our 

129-135La show a rare none rotationally symmetrical triaxial shape 
in their ground states. That means their masses are distributed unequally along the three axes of length, width and 

No. A1546).
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polarization

Kazuki Fujita, Shuya Taniguchi, Ichiro Yoshida, Yoshitaka Hoshina,  
and Masaharu Mitsunaga*

Graduate School of Science and Technology, Kumamoto University, Kumamoto, Japan  
*mitunaga@sci.kumamoto-u.ac.jp 

We present theoretical and experimental results on optically detected magnetic resonance (ODMR) signals in 
the 3S -3P , D1 transition of a hot Na atomic vapor [1], particularly focusing on the dependence of the ODMR 
signals on the incident light polarization. We have found that, while circular polarization gives the largest ODMR 
signal for the Zeeman end-resonances including (F = 2, mF = ±2 levels, elliptical polarization is much more favor-
able for the observation of the inner Zeeman transitions. Detailed theoretical analysis based upon the rate equations 
including all the Zeeman sublevels is presented. Experimentally, the nuclear Zeeman splitting has been observed 
by using elliptical polarization. Satisfactory agreement has been obtained between theoretical simulations and 
experimental results. 

Reference 
[1]  K. Motomura and M. Mitsunaga, 1 line by 

coherent population trapping, J. Opt. Soc. Am. B19, pp. 2456-2460 (2002). 
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We present both theoretical and experimental results for the absorption of a linearly polarized weak probe 
D2 line while the frequency of a circularly polarized 

pump beam, either co- or counter-propagating with the probe beam, is scanned either across the same manifold or 
through the 5P D transition. Using balanced detection, we recorded separately variations in the intensities of 
the two mutually orthogonal linearly polarized components of the probe beam, which corresponds to measuring 
the birefringence induced on the atomic vapor by the pump beam. In both co- and counter-propagating cases we 

calculations based on rate equations allowed us to determine the population differences between the 5S and 5P 

left circularly polarized light as functions of the pump light frequency and intensity obtaining excellent agreement 
with experimental spectra. These results were applied to the development of modulation-free laser frequency sta-
bilization techniques. 
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We have observed electromagnetically induced polarization rotation (EIPR) in the 3S -3P -4D  and 3S -
3P -4D  three-level ladder systems in a hot Na vapor [1]. In the presence of a strong circularly-polarized 
coupling beam resonant to the upper ladder transition, the polarization angle of a probe beam, resonant to the 
lower ladder transition, was rotated by up to 18 degrees. The EIPR spectra exhibited a unique double-dispersion 
feature, which was related to the EIT (electromagnetically induced transparency)-circular dichroism spectra by the 
Kramers-Kronig relations and was more pronounced for the higher coupling powers. The optical switch experiment 
based on EIPR gave a fast response of less than 100 ns. 
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We present a singly-resonant, 1064-nm-pumped, cw optical parametric oscillator (OPO), emitting more than 

region. Both pump and signal are frequency stabilized to a near-infrared optical frequency comb, referenced to the 
Cs primary time standard. A fractional Allan deviation of ~ 3 × 10–12  has been estimated between 1 and 200 s. 
As a test, we carried out sub-Doppler spectroscopy of rovibrational transitions of CH3I around 3.4 m, resolving 

determining absolute frequencies with a statistical uncertainty of 50 kHz [1]. The availability of such a precise and 
powerful source is of primary interest for spectroscopic studies of subtle effects, tests of fundamental theories, or 
optical manipulation of molecules.

Reference 
[1]  I. Ricciardi et al., A frequency-comb-referenced singly-resonant OPO for sub-Doppler spectroscopy, Optics Express 20, 

9178–9186 (2012). 
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This work presents the design and implementation of a LabView based system for controlling and stabilizing 
the frequency of extended cavity diode lasers. The system was developed for creating a magneto-optical trap for 
rubidium atoms. Hence, our system automatically scans the frequency of our lasers across the D2 line and then locks 
it to any of the transitions or crossovers in the manifold. A polarization spectroscopy apparatus [1] is used to gener-
ate a dispersion signal to feedback the laser after a simple PID algorithm implemented entirely within LabView. The 
lock bandwidth is ~ 2 MHz. Currently, we are capable of controlling two lasers simultaneously and independently. 
An additional advantage is that the locking point over the transition spectrum can be controlled in realtime while 
the laser frequency remains locked. Although the system was developed for a magneto-optic trap experiment, it can 
be used in a wide variety of control applications. 

Reference 
[1]  C. P. Pearman, 

At. Mol. Opt. Phys. 35, pp. 5141-5151 (2002). 
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droplet 

Maki Tachikawa*, Azusa Muraoka, Hidenori Suzuki, and Yoshiki Matsuzaki

 

Supercooled water exhibits unique physical properties such as a negative thermal expansion and the ther-
modynamic singularity around -45 °C.  Although it is generally accepted that hydrogen bonding between water 
molecules is responsible for the properties, their detailed mechanism is not well understood.  We probe thermody-
namic anomalies of liquid water in highly supercooled state by use of optical trapping and Raman spectroscopy.  

Stokes photons are scatterred from water molecules excited by the trapping radiation.  An enthalpy change due to 
-

ing band.  The isobaric heat capacity calculated from the enthalpy data shows an anomalous increase as the tem-
peratures approaches -45 °C, suggesting the existence of the second critical point [1].  

Reference 
[1] P. H. Poole, F. Sciortino, U. Essmann, H. E. Stanley, Nature 360, 324 (1992).
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-
ized [1] and now on low-ionized W ions [2]. In particular, energy levels, radiative transition probabilities, and 

autoionization rates for [Cd] 4 5 5
14 6f p l nl′ , [Cd] 4 5 6

14 6f p l nl′′ , [Cd] 4f  145p55d2nl, [Cd] 4 5 5 6
14 5f p d l nl′′ , [Cd] 

4f  135p65d 2nl, and [Cd] 4 5 5 6
13 6f p d l nl′′  ( ′ = , ,l d f g , ′′ = , ,l s p d , l = s – g, and n = 5 – 7) states of Yb-like tungsten 

(W4+) are calculated and compared using the relativistic many-body perturbation theory method (RMBPT code), 

Hartree-Fock-Relativistic method (COWAN code). It allows to critically evaluate recommended atomic data for 
their accuracy. Synthetic dielectronic satellite spectra are simulated in a broad spectral range from 200 to 1400 Å. 
This research was supported by DOE under OFES grant DE-FG02-08ER54951. 
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Through of Path Integral Monte Carlo method (PIMC) we determine the elastic constants of solid 4He in its 
hcp phase. These elastic properties are very important in view of their apparent involvement in the phenomenon 
of supersolidity in solid 4

cell containing 180 atoms, followed by measurement of the elements of the corresponding stress tensor. For this 
purpose an appropriate path-integral expression for the stress tensor observable is derived and implemented into the 
PIMC++ package. A comparison of the results to available experimental data shows an overall good agreement of 
the density dependence of the elastic constants, with the single exception of C13.

Reference 
[1] Luis Aldemar Peña Ardila, Silvio A. Vitiello, and Maurice de Koning, “ Elastic Constants of hcp 4

Carlo Vs. Experiment”, Phys. Rev. B 84, 094119 (2011) [6 pages].
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We observed the two-dimensional skyrmion excitations and its time-dependent phenomenon in quasi-2D polar 
Bose-Einstein condensate of F=1 23Na atoms, where 2D skyrmion is topologically protected. [1] Spin rotation 
method was used to imprint skyrmion spin textures on the condensate. The skyrmion was stable about tens of ms, 
but decayed to a uniform spin texture after all. The collapse of the skyrmion indicates that the polar phase inside the 

Reference 
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One of the most remarkable characteristics of a Bose–Einstein condensate is that it responds to rotation by 
forming quantized vortices. In this theoretical work, we investigate vortex lattices in a rotating two-component 
condensate in which the components have unequal atomic masses and interact attractively with each other [1]. We 

the system exhibits unconventional ground-state vortex structures in a harmonic trap, such as lattices having a 
square geometry or consisting of two-quantum vortices. The exotic lattices can be understood in terms of the Feyn-
man relation, which states that the vortex density is proportionalto the atomic mass, and they should be realizable 
with current experimental techniques.

Reference 
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In this work we investigate the dynamics of a system constituted by Bose-Einsten condensate in three well in 
line [1, 2]. This system presents among its collectives modes, a behavior of two-mode called twin mode [3, 4].The 

the interaction parameters. 
We used the semi-classical Hamiltonian form obtained by three modes through the coherent state transforma-

tion based in the su(3) algebra [5]. We analyzed a way to obtain a hamiltonian semi-classical two-mode [6] by 
canonical transformation from semi-classical three-mode model. 
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The properties of quantum gases beyond the usual dilute limit have been one of the most challenging topics in 

on Bose gases near resonance or at large scattering lengths. We show that 3D Bose gases near resonance are nearly 
fermionized, analogous to one-dimensional Tonks-Girardeau gases of hardcore bosons. Furthermore, beyond the 
Lee-Huang-Yang dilute limit, the chemical potential reaches a maximum when approaching the resonance from 
the molecule side and an onset instability sets in at a positive critical scattering length. We attribute this peculiar 
property to the sign change of the effective interactions due to a many-body renormalization effect.  The effect of 

Reference 
[1] D. Borzov, M. Mashayekhi, S. Z. Zhang, J. L. Song and F. Zhou, Phys. Rev. A85, 023620 (2012).
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The non-equilibrium dynamics of a rapidly quenched spin-1 Bose gas with spin-orbit coupling [1] is studied. 
By solving the stochastic projected Gross-Pitaevskii equation, we show that crystallization of merons can occur in 
a spinor condensate of 87Rb. The stability of such a crystal structure is analyzed. Likewise, inverted merons can 
be created in a spin-polarized spinor condensate of 23Na. Our studies provide a chance to explore the fundamental 
properties of meron-like matter. 
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Bose-Einstein condensates of 85Rb are produced by direct evaporation in a crossed optical dipole trap [1]. The 

evaporation in the vicinity of the 155 G Feshbach resonance. 
The tunable nature of the atomic interactions in 85Rb makes it possible to initiate a collapse of the condensate 

which can, in the right trapping geometry, result in the creation of bright matter-wave solitons. These self-stabiliz-
ing wave packets arewell localized due to attractive atomic interactions and hence show great potential as surface 
probes for the study of short-range atom-surface interactions [2]. In light of recent theoretical interest, there is also 
much scope for the study of binary soliton collisions and the scattering of solitons from barriers with a view to 
developing interferometry schemes. 
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-
-

place in the phonon regime of very low temperatures. In dilute quantum gases, it occurs at all temperatures below 
Tc. The increase in quantum degeneracy reachable through the adiabatic displacement of the wall separating the two 
compartments is also discussed. 
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We extend available methods for creating vortices in 2D atomic Bose-Einstein condensates by demonstrating 
that a moving obstacle, in the form of an elongated paddle, can be used to stir a condensate in two quite different 
ways, to create clusters of like-signed vortices, or induce vortices that are dispersed. We introduce new statistical 
measures of clustering based on Ripley’s K-function and nearest neighbor techniques which are suitable to the 
small size and number of vortices in atomic condensates. These measures are applied to analyze the evolution and 
decay of clustering. The theoretical techniques we present are accessible to experimentalists and extend the current 
methods of inducing 2D quantum turbulence in Bose-Einstein condensates. 
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We have numerically minimised the free energy of a rotating, spin-1 BEC in 3 dimensions to determine the 
structure of the core of a singular, singly-quantised vortex. For the polar state, the vortex splits into two half-quan-
tum vortices, each with a ferromagnetic core. In the ferromagnetic state, a hybrid spin disgyration and phase vortex 

previously the nature of these core structures has not been understood. We also report on the stability of these vor-
tices for varying spin-dependent scattering lengths, rotation frequencies, linear and quadratic Zeeman splittings in 
isotropic or strongly oblate harmonic traps. 
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condensates
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Department of Physics and Astronomy, University of Turku, 20014 Turku, Finland  

to explain the main features of the snake instability [1]. We predict the number of vortex-anti-vortex pairs produced 

onset of the snake instability compared to e.g. a cylindrical trap of similar size. 
We also investigate the connection between imaginary Bogoliubov modes and the snake instability using the 

exact soliton-like dark ring solution of the radial Gross-Pitaevskii equation [2]. There exists only a single imaginary 
eigenvalue, and we show it corresponds to the snake instability. 
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High resolution optical access (< 1 µm) to ultracold atoms offers new capabilities and insights into applications 
where single-site resolution and control of optical lattices is warranted [1, 2].  Using ColdQuanta’s GlasSi™ atom 
chips, we have demonstrated high-resolution imaging and optical control in a vacuum system small enough to be 

Using these chips, 87Rb BECs were produced within 100 µm of a window in the atom chip.   Using high numerical 
aperture (NA) optics placed outside of the vacuum system and within 1 mm of the atoms, we obtained resolutions 
of 2.5 µm, which is within a factor of 4 for the NA of 0.6 and imaging wavelength of 780 nm.  Using the optics in 
reverse, optical potentials can be projected onto the atoms with the same high resolutions.  As an example, we show 
images of a BEC sliced into multiple pieces by a blue-detuned laser.
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quantum state. 

trap. We identify two important branches of the spectrum related to external and internal surface modes that lead to 

-
ously, which cannot be explained by invoking the average speed of sound. 
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Chris Carson, Mateusz E. Zawadzki, Erling Riis, and Aidan S. Arnold

We use magnetic levitation and a variable-separation dual optical plug to obtain clear spatial interference be-
tween two condensates axially separated by up to 0.25mm – the largest separation observed with this kind of in-
terferometer. Clear planar fringes are observed using standard (i.e. non-tomographic) resonant absorption imaging. 
The ‘magnifying’ effect of a weak inverted parabola potential on fringe separation is observed and agrees well 

theoretical limit due to pixellation of the sinusoidal fringes on our CCD camera. 

Reference 
, Phys. 

Rev. A 81, 043608 (2010). 



198 Tu-059 Bose gases

A. Perrin1,2,3,*, R. Bücker1, S. Manz1, T. Betz1, C. Koller1,  
T. Schumm1, and J. Schmiedmayer1

 
 

 
93430 Villetaneuse, France  

*aurelien.perrin@univ-paris13.fr 

The seminal experiments of Hanbury Brown and Twiss on the measurement of photon correlations have been 
pivotal to the advancement of quantum optics. Drawing on the analogy between photons and atoms, similar meth-
ods have recently been developed for matter waves sources. Relying on the single atom sensitivity of a novel 

transition to Bose-Einstein condensation [1]. We are able to observe the gradual establishment of long range order 
while still being sensitive to the residual thermal excitations in the system. Moreover, we observe an anticorrelation 
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The quantum dynamics of interacting particles has recently attracted much interest associated with the ques-
tion of “equilibration” and “thermalization” of isolated systems. In Ref. [1] the exact relaxation dynamics of a 
localized many-body state in the 1D Bose gas has been shown explicitly through the Bethe-ansatz method. Here, 

Gross-Pitaevskii equation. In our study, we calculate the dynamics of a quantum soliton exactly and observe the 

recurrence phenomenon for a small number of particles. In this presentation, we report the result of the dependence 
of the recurrence time on the number of particles and the interaction strength.  
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In recent work, we have observed Bose-Einstein condensation of a two-dimensional photon gas in an optical 
microcavity [1]. Here, the transversal motional degrees of freedom of the photons are thermally coupled to the cav-

bath and a particle reservoir. Due to particle exchange between photon gas and molecular reservoir, grandcanonical 
experimental conditions are expected to be realized in this system – unlike in the presently available atomic BEC 

-
trophe) is theoretically expected [2]. I will give an update on the current status of our theoretical and experimental 
work. 
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Following the successful description of atom chip experiments [1], the stochastic Gross-Pitaevskii equation 
(SGPE) is shown to give an excellent ab initio -
al Bose gases, accurately reproducing the experiment of Hung et al. [2]. This is achieved by addressing a common 

The excellent agreement between theory and experiment shown here at equilibrium forms an important basis for 
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By rotating a collection of ultracold bosons in an asymmetric trapping potential at just the right frequency, it 
is possible to induce a quantum phase transition between two macroscopically distinct states. A recent theoretical 
study [1] has shown that for weakly interacting systems the critical frequency at which this occurs can be predicted 
accurately by considering only the lowest Landau level (LLL) and that the resulting state is highly entangled. We 
consider a more detailed calculation and show the surprising result that, although the LLL approximation predicts 
the frequency well, it is a very poor predictor of both the quantum Fisher information and the precise form of the 
entangled state.  This issues a warning about relying on this approximation for certain applications. Our more 
detailed calculation reveals a rich system for engineering a range of interesting entangled states with potential ap-
plications to quantum metrology. 
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Applying quantum kinetic theory to a dilute Bose gas held between two thermal reservoirs at different tempera-
tures, we identify the same phenomena in the collisionless Bogoliubov regime of a Bose-condensed gas [1]. The 
emergence of internal convection as an environmentally induced coherent effect requires a long quasi-particle life-
time within the thermal reservoirs, and its analysis needs explicit treatment of non-resonant master equation terms. 
Our results for the energy and particle currents suggest that internal convection should be directly observable in 
currently feasible experiments on trapped ultracold vapors. 
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We study the existence and stability of self-organized periodic soliton solutions in the quasi-one-dimensional 
homogeneous system, but with a long-ranged interaction. The imposed period condition induces oscillatory un-
stable modes when the degree of long-ranged interaction is small; while the system involves into a quasi-linear 
and stable one when the long-ranged interaction is large. In terms of Jacobian elliptic functions, parameter space to 
support stable period soliton patterns would be illustrated. 
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Based on our experience with single-atom detection using integrated micro-optics [1] we build a new experi-

interatomic correlations at shot noise limit. In combination with standard imaging techniques we can compare the 
macroscopic properties of Bose-Einstein condensates with the coherence properties of its constituents. Using the 

3D condensates and quasicondensates both in equilibrium as well as in a controlled 1D expansion, thus entering the 
regime of non-equilibrium dynamics. 

As a second project we are going to combine magnetic chip traps with photonic structures, namely tapered 
-

abling us to study EIT, light storage and polariton gases in a quasi 1D geometry. 
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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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energy is dissipated. As a result the distribution of occupation numbers of excitations follows a power law with a 

Single-particle momentum spectra for a dynamically evolving Bose gas are analysed using semi-classical simula-

possible universal scaling behaviour. The connection of this scaling with the appearance of topological excitations 
such as solitons and vortices is discussed. For the one-dimensional case, a random-soliton model provides analyti-

discussed. The results open a view on solitary wave dynamics from the point of view of critical phenomena far from 

without the necessity of detecting solitons and vortices in situ. 
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in a crossed dipole trap with tunable trap aspect ratio 
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We report on the rapid formation of Rubidium Bose-Einstein Condensates (BEC) in a dipole trap. The experiment 

dipole beams, each with 8 W of power, are tightly focused and are overlapped with the MOT. The laser-cooled atoms 
are directly loaded into the dipole trap and are forced to evaporate till the formation of BEC. Tuning the crossing an-
gle of the two single-focused beams allows us to greatly tune the longitudinal trap frequency, as well as the effective 

 
We will report the study details and future direction of this experiment.
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Quantum degenerate Fermi gases and Bose-Einstein condensates give access to a vast new class of quantum 
states. The resulting multi-particle correlations place extreme demands on the detection schemes. Here we intro-
duce diffractive dark-ground imaging as a novel ultra-sensitive imaging technique [1]. Using moderate detection 
optics, we image clouds with less than ten atoms with near-atom shot-noise-limited signal-to-noise ratio. This is an 
improvement of more than one order of magnitude comparedto our standard absorption imaging. We also analyse 
the mechanical effects of the probe beam onto the atoms. We show that the resulting Doppler shift has to be taken 
into account even for moderate saturation intensities (s = 0.1) and exposure times (100 s). 

Reference 
[1]  Pappa et al. New Journal of Physics 13 (2011) 115012. 



204 Tu-071 Bose gases

T. M. Wright1,*, A. Perrin2, A. Bray1, J. Schmiedmayer3, and K. V. Kheruntsyan1

 
2. Laboratoire de Physique des Lasers, CNRS and Université Paris 13, 93430 Villetaneuse, France  

 

g ( ) ( )2
r r, ′ , which for ideal and weakly interacting gases typically ranges from values g ( ) ( )2 2r r, ≈  at zero sepa-

ration, to a value of 1 at large separations | − ′ |r r . Here we show that nonlocal density-density anticorrelations 

g ( ) ( )2 1r r, ′ < -

-
tion. We also discuss how interactions in elongated and quasi-one-dimensional interacting Bose gases suppress the 
density anticorrelations in position space, but amplify the corresponding anticorrelations in momentum space, and 
compare our theoretical predictions with the results of recent experiments [3]. 
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-
graphically generated Laguerre-Gauss(LG) beam is used to both trap and rotate a condensate of Rb87 atoms. The at-
oms are rotated via a two-photon Raman process using the trapping LG beam with a Gaussian beam to impart a well 

. Supercurrent corresponding to a giant vortex with 
topological charge up to q = 15 is phase imprinted optically and detected both interferometrically and kinematically. 

phase slips, correspond to collective jumps of atoms between discrete q values. Current work is focused on super-

Reference 
[1]  S. Moulder, 



Bose gases Tu-073 205

Interaction between cold atoms and carbon nano tubes

B. Jetter1,*, J. Märkle , P. Schneeweiss1,2, M. Gierling1,  
S. Scheel3, A. Günther1, 1, and T. E. Judd1

 
Physiklaisches Institut, Eberhard-Karls-Universität Tübingen,  

Auf der Morgenstelle 14, D-72076 Tübingen, Germany  
2. Vienna University of Technology, Institute of Atomic and Subatomic Physics,  

Stadionallee 2, 1020 Vienna, Austria  
3. Institut für Physik, Universität Rostock, D-18051 Rostock, Germany  

*jetter@pit.physik.uni-tuebingen.de,  
maerkle@pit.physik.uni-tuebingen.de 

We perform a theoretical study of cold atoms interacting with static and vibrating carbon nanotubes. We con-

condensate is used. Atom loss from the condensate is shown to be highly non-trivial, but provided atomic interac-
tion effects and quantum pressure are included in the description , our simulations describe experiments [1] well. 
Finally, we study a vibrating nanotube in a condensate and show that vibration frequencies typical to nanoscaled 

heat the cloud. 
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We propose a realistic experiment to demonstrate a dynamic Kosterlitz-Thouless transition in ultra-cold atomic 
gases in two dimensions. With a numerical implementation of the Truncated Wigner Approximation we simulate 
the time evolution of several correlation functions, which can be measured via matter wave interference. We dem-
onstrate that the relaxational dynamics is well-described by a real-time renormalization group approach, and argue 
that these experiments can guide the development of a theoretical framework for the understanding of critical 
dynamics.

This poster is based on Ref. [1]. 

Reference 
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We investigate the heat capacity of a Bose-Einstein Condensate (BEC) following the suggestions by Blakie 
et al. [1]. We start with a BEC of 87Rb atoms, close to zero temperature, trapped in the intersection of two focused 
CO2 laser beams. The trap is turned off for times in the order of a millisecond, during which it expands ballistically 
and falls under gravity. The atoms are then recaptured, and the atoms are allowed to reach thermal equilibrium. 

-
surements, varying the interaction strength by the trap depth, as well as the energy transferred by the drop time. 
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traps, using hundreds of pictures and carefully analysing the statistics of atom number in the imaging pixels. Pre-

third moment were measured and the transition from the ideal gas to the quasicondensate regime was mapped out 

quasicondensate regime, and the regime of strong interactions was approached [2]. Here, at record low tempera-
tures, using a non-local analysis at variable observation length, we observe a clear discrepancy with a classical 

breaks down [3]. 
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Spinor gases present a rich physics due to the interplay between internal and external degrees of freedom. We 

stable spin-1 condensates inthe Zeeman m = 0 state, and study the thermal population of m = 1 via spin-changing 
collisions. Interestingly, these collisions are typically characterized by a very low energy, and as a consequence, for 

We then analyze dynamically stable Chromium F = 3 condensates in m = 3, where magnetic dipolar interactions 
introduce spin relaxation, which leads not only to a very temperature-sensitive population of m = 2, but also to a 
non-trivial angular dependence of the activated m = 2 atoms. The discussed thermal effects may be employed for 
thermometry at very low temperatures. 
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We experimentally investigate the instability and collapse dynamics of a dipolar Bose-Einstein condensate 
(dBEC) in a 1D optical lattice. In contrast to the usual method relying on a change in the interaction strength, the 

strength constant. Only a dBEC offers this possibility, since its stability depends on the lattice depth due to the 
anisotropic dipole-dipole interaction [1]. We consider a 52

in a trap created by a shallow optical lattice superimposed to a crossed optical dipole trap. We show that its instabil-
ity can be induced in-trap by decreasing the lattice depth below a critical value. We also show that a dBEC initially 

is a unique feature of dipolar systems in optical lattices.
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experiments focus on 168Er, which is a highly magnetic atom of the lanthanide series. Because of its large magnetic 
moment of 7 , with  the Bohr magneton, and a non-S electronic ground state, Er features very strong anisotropic 
interactions, which are not accessible with alkali atoms. It has recently been predicted that Feshbach resonances 
in lanthanide atoms, as Er and Dy, are induced by the strong anisotropy of the dispersion interaction and magnetic 

Reference 
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Ultracold quantum gases can serve as bench mark systems for strongly interacting manybody physics [1]. 
Conventional alkali atomic systems at ultra low temperatures exhibit interaction potentials that have essentially 
zero range. If long range interaction can be introduced, many intriguing effects and new quantum phases will be 
accessible. Examples are real space long range (crystalline) order for bulk systems, supersolids and fractional Mott 
insulators in optical lattices. Two promising candidates for ultra cold particles with tunable long range interaction 
are Rydberg atoms and ground state polar molecules. We are setting up an experiment to create ultracold NaK 
molecules. In this system instability due to inelastic two body collisions known from pioneering experiments [2] is 
absent and chances are good to reach far into the interesting parameter space.
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Dipolar quantum gas systems at ultralow temperatures are expected to exhibit novel many-body quantum phas-
es as a result of the long-range and anisotropic dipole-dipole interaction. The present work focuses on the creation 

condensates (BEC) of Rb and Cs atoms [1]. After overlapping the BECs we produce weakly bound RbCs molecules 
[2] using the Feshbach-association technique. We transfer the molecules into the rovibrational ground state[3] with 

transfer in the presence of an optical lattice. 
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Ultracold polar molecules in the quantum degenerate regime open the possibility of realizing strongly corre-
lated quantum systems with long-range and spatially anisotropic interactions. Although KRb is observed to undergo 
bi-molecular chemical reactions at ultralow temperatures [1], the anisotropy of the dipole-dipole interaction can be 
exploited to suppress these chemical reactions by trapping the molecules in a one-dimensional optical lattice [2]. 
In this reduced 2D geometry, the repulsive dipole-dipole interaction further enhances the p-wave barrier between 
two indistinguishable fermionic molecules, drastically reducing the chemical reaction rate.  We now demonstrate 
evaporative cooling of KRb in this reduced geometry.   Although s-wave scattering is forbidden by quantum statis-
tics and the rethermalization rate from p-wave collisions is negligible, the molecules rethermalize via long range 
dipole-dipole interactions.  The observed increase in phase space density is an important step towards the explora-
tion of collective quantum effects in an ultracold gas of molecules.
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Most researches on quantum degenerate gases in optical lattices so far have considered only short-ranged, 
isotropic, and Van der Waals type interactions of alkali atoms. However, recent experimental realizations [1, 2] of 
almost pure dipolar gases of dysprosium-161 and erbium-168 offer fascinating opportunities to study how long-
ranged, anisotropic, and dipole-dipole interactions modify the properties of trapped quantum gases of bosons and 
fermions. We have investigated collective excitation of dipolar bosons trapped in a 2D optical lattice using numeri-
cal simulations for different trap geometries. It is found that anisotropic trap has great impact on the collective 
mode shift. As the number of atoms decreases, our result demonstratesdisagreement with the one predicted in the 
Thomas-Fermi limit. 
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Multi-component fermion systems give rise to many intriguing physical phenomena, such as baryon formation 
40K atoms in 

are in very good agreement with numerical calculations including all scattering channels. Allowing for tunneling in 
one direction, we observe a damping of the coherent oscillations. We attribute this to a melting of the initial band 
insulator, induced by spin-changing collisions which open additional spin channels.
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Precise understanding of strongly interacting fermions, from electrons in modern materials to nuclear matter, 

-
grammatic Monte Carlo (BDMC), combining a Monte Carlo process capable of sampling billions of diagrams, bold 

-
pute the equation of state of the unitary gas in the normal unpolarised phase. We cross-validate the results with new 
precision experiments on ultra-cold 6Li atoms at the broad Feshbach resonance. Excellent agreement demonstrates 
that a series of Feynman diagrams can be controllably resummed in a non-perturbative regime using BDMC. This 
opens the door to the solution of challenging problems across many areas of physics. 
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gas with spin-orbit coupling and across a BCS-BEC crossover. Due to the competition between polarization, pair-

approach that guarantees the ground-state solution, we systematically study the structure of the phase separation 

-
onstrate that the existence of the phase leaves a unique signature in the trap integrated momentum space density 
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Two-component Fermi gases near Feshbach resonances exhibit universal properties and provide a well con-
trolled setting to explore many-body phenomena in highly correlated quantum systems. Probing dynamic response 
functions, such as the dynamic spin susceptibility, can reveal new universal aspects in the dynamics of these sys-

6Li Fermi gas in 
the two ground states using Bragg spectroscopy. By appropriate choice of the Bragg laser detuning either the spin 
or the density response can be measured independently. This allows full characterisation of the spin-parallel and 
spin-antiparallel components of the dynamic S(k, ) and static S(k) structure factors. At high momentum transfer k, 
the spin response is suppressed at low energies due to pairing and displays a universal high frequency tail, decaying 
as , where  is the probe energy [1,2]. 
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state in the Fermi-Fermi mixtures with distinct ions, 40K and 6Li [1,2]. One of the interesting problems in such a 
mass imbalanced system is how the SF state is realized in the optical lattice. It is known that in the lattice model, 
a density wave (DW) state is stabilized since less mobile fermions tend to crystallize. Therefore, it is necessary to 

realized in the mass imbalanced system [4]. The low-temperature phase diagram is then determined. 
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dimensional channel connecting macroscopic, incoherent reservoirs. An atomic current is induced by creating an 
imbalance in the particle number of the two reservoirs. Combining the measurement of the current with the high-
resolution in-situ measurement of the density in the channel, we observe the drop of chemical potential due to the 
contact resistance which develops at the contacts between the ballistic channel and the reservoirs [1]. 

channel region and study the current as a function of the chemical potential. For a strongly interacting Fermi gas we 

of disorder for weakly and strongly interacting Fermi gases. 
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The dynamics of a single impurity in an environment is a fundamental question in many-body physics. A spin-
up impurity dressed by a bath of spin-down particles, constitutes the Fermi polaron problem. This is the extreme, 

imbalance for attractive interactions and Stoners itinerant ferromagnetism for repulsive interactions. We create 
and investigate Fermi polarons in two dimensions and measure their spectral function using momentum-resolved 

between polarons and tightly bound dimers, which provides insight into the elementary pairing mechanism of im-
balanced, strongly-coupled two-dimensional Fermi gases. Additionally, for repulsive interactions we study novel 
quasiparticles, repulsive polarons, whose lifetime determine the possibility of stabilizing repulsively interacting 
Fermi systems [2]. 
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-
conducting systems with strong correlations. Recently, triangular optical lattices have been realized in order to 

out the stability phase diagram. 
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Experiments performed on ultracold 6Li atoms have measured the equation of state with great accuraccy [1]. 
b3 and b4 have been extracted. In this work, we have calcu-

b3 in the whole BEC-BCS crossover. Our approach 
is analytic, and we get closed expressions for b3 in terms of the 3 – body T-matrix. We recover in this way the 
experimental result of Ref.[1] in the unitary limit. Our results for b3 are also in excellent agreement in the whole 
BEC-BCS crossover with a previous theoretical work [3] using a totally different approach. 
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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 
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-
tions to arbitrary dimension and then use it to obtain a set of universal relations for the Fermi gas, which serve as 

we are then able to show that, under very general conditions, effective reduced-dimensional scattering lengths due 

need to solve the associated multichannel scattering problem. Finally, we show that reduced-dimensional contacts 
— related to the tails of the momentum distributions — are related to the actual three-dimensional contact through 
a correction factor of purely geometric origin. 
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Mixtures of bosonic and fermionic quantum gases can form ideal model systems to study intriguing quantum 
phenomena. Polaron and molecule physics as well as exotic many-body quantum phases become accessible when 
appropriate Feshbach resonances are available to freely tune the interactions between bosons and fermions. We 
have created a new quantum degenerate Bose-Fermi mixture of bosonic 23Na and fermionic 40K. We demonstrated 
that this mixture offers widely tunable interactions via broad interspecies Feshbach resonances [1]. Over thirty reso-

spectroscopy in the vicinity of that resonance has allowed us to create ultracold fermionic Feshbach molecules 
with lifetimes of up to100 ms. Our work opens up the prospect to create chemically stable, fermionic ground state 
molecules of 23Na-40K. Due to a large permanent electric dipole moment of 2.72 Debye long-range dipolar interac-
tions will be strong and set the dominant energy scale in many-body systems of fermionic 23Na-40K ground state 
molecules. 
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Atoms trapped in optical lattices have been used successfully to study many-body phenomena. However, the 
shape that bosonic ground-state wavefunctions can take is limited, apparently compromising the usefulness of this 

-
ized in higher Bloch bands, where orbital degrees of freedom are essential, can bring the world of optical lattices 
closer to relevant condensed matter systems. We discuss our observations of extremely long coherence times, chiral 
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We experimentally study the scattering of guided matter waves on a time-dependent amplitude optical lattice. 
We observe different types of frequency-dependent dips in the asymptotic output density distribution. Their posi-
tions are compared quantitativelywith numerical simulations. A semiclassical model that combines local Floquet-
Bloch bands analysis and Landau-Zener transition provides a simple picture of the observed phenomena in terms 

-
onstrate the use of this technique with a bichromatic amplitude modulation to design a tunable sub-recoil velocity 
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Magnetic lattices based on periodic arrays of permanent magnetic microstructures [1] provide a promising 
complementary tool to optical lattices and have certain distinguishing features including the potential to tailor ge-
ometries of arbitrary shape, to perform in-situ RF evaporative cooling and RF spectroscopy, and to produce highly 
stable potentials. Here, we report on the trapping and cooling of 87Rb F=1 atoms in a 1D 10 µm-period magnetic 
lattice. Typically 3×105 atoms are loaded into the magnetic lattice with trap lifetimes of ~ 10 s and evaporatively 
cooled to 1-2 mK, which is close to the BEC transition temperature. Using in situ absorption imaging the clouds of 
ultracold atoms can be optically resolved in the individual magnetic lattice sites. Potential applications of micron-
period magnetic lattices with honeycomb or triangular lattices to simulate condensed matter systems will be pre-
sented.
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states. It has been suggested that a spin-dependent optical lattice can provide the tunability necessary to realize 
the Heisenberg Hamiltonian which can give rise to ferromagnetic and antiferromagnetic states [1]. Such a spin-
dependent optical lattice can be realized by tuning the laser wavelength close to the D1 and D2 lines of the alkali 
atoms [2]. We have implemented such a lattice to realize the ability to control the interspin interaction energy for a 

87Rb in a three-dimensional optical lattice. In particular, we have studied 
-

terspin interaction energy with the spin-dependent optical lattice. 
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Stimulated by recent experiments with ultracold in bichromatic lattices [1], we investigate the evolution of 
initially localized wave packets in two quasiperiodic models, namely a discrete nonlinear Schrödinger equation and 
a quartic Klein Gordon lattice. In the regime where, in the absence of nonlinearity, all eigenstates are exponentially 
localized, we show that the inclusion of a nonlinear term induces a destruction of localization resulting in a subdif-
fusive spreading. We interpret this delocalization on the basis of mode-mode resonances. Two spreading regimes of 

underlying linear system. For large enough nonlinearity, a wave packet undergoes self-trapping, as in purely ran-

can also occur at weaker nonlinearity due to the existence mini-gaps in the spectrum. 
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We report on the creation of Dirac points with adjustable properties in a tunable honeycomb optical lattice. 
Using momentum-resolved interband transitions, we observe a minimum band gap inside the Brillouin zone at the 
position of the Dirac points. We exploit the unique tunability of our lattice potential to adjust the effective mass 
of the Dirac fermions by breaking the inversion symmetry of the lattice. Changing the lattice anisotropy allows 
us to move the position of the Dirac points inside the Brillouin zone. When increasing the anisotropy beyond a 

excellent agreement with ab initio calculations. Our results not only pave the way for using cold atoms to model 
materials where the topology of the band structure plays a crucial role, but also provide the possibility to explore 
many-body phases resulting from the interplay of complex lattice geometries with interactions. 
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We investigate highly excited Rydberg atoms in optical-lattice traps. The potential experienced by a Rydberg 
atom in an optical lattice is given by the spatial average of the free-electron ponderomotive energy due to the laser 

on the angular portion of the atomic wavefunction. Experimentally, the angular dependence of the potential is dem-
onstrated using various (j, mj) levels of 85

j, mj) levels and 
compare them to theoretical results. The tunability of Rydberg-atom trapping potentials using the angular degrees 
of freedom will be important for applications of Rydberg-atom optical lattices. 
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The tripod scheme implies that the coupling and probe resonant beams are applied in a two-dimensional ge-
ometry [4]. This geometry is particularly appealing as it allows us to study the effect of the phase difference be-
tween two standing waves on the diffraction pattern. In this contribution we study the electromagnetically induced 

-
malism. Thus, our model is based on solving Liouville equations self-consistently with Maxwell equations. Wave 

how one can totally suppress diffraction in a desirable diffraction order, or oppositely, amplify a given diffraction 
-

tion, as expected. 
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Disordered Bose systems with strong correlation, described by Bose Hubbard models with disorder, have been 
one of the targets of theoretical and experimental investigation. Current interest is also directed towards disordered 
systems of ultracold atoms generated by using laser speckle patterns or additional incommensurate optical lattice 
potentials. Fallani et al. [1] observed a localization transition of strongly interacting 87Rb bosons in incommensurate 
lattices, which suggested the formation of a Bose glass. 

We numerically studied the localization property of Bose-Fermi mixture systems on one-dimensional incom-

fermions are in different phases, especially when fermions are localized and bosons are delocalized. Using quantum 
monte carlo simulation we found new localized or delocalized phases which are formed by bose-fermi interactions 
and are dependent of the ratio of the density of bosons to that of fermions. We propose a mechanism of these phe-
nomena, showing the visibility of momentum space, the density distributions and the tructure factors. 
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Atomic quantum gases in optical lattices allow for fundamental studies of strongly-correlated many-body sys-
tems. We have recently studied transport and excitation effects in 1D atomic mixtures (derived from a BEC) in 

the critical lattice depth for the breakdown of transport, in contrast to the case of quasi-disorder from an incommen-
surate optical lattice, where no such shift is seen. In a second experiment [2] we explored the scattering of atomic de 
Broglie waves to detect spatial structure in a lattice-modulated 1D Bose gas, as well as the suppression of inelastic 
scattering in the band structure. Matter-wave Bragg diffraction is a powerful technique to non-destructively probe 
long-range order, such as in spin mixtures, and its tunability precludes limitations on spatial resolution. 
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We use the Schwinger-Keldysh technique to study the real-time dynamics of the Bose-Hubbard model, allow-

experiments involving cold atoms in traps and point out that equilibration is impeded when the average number of 
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information processing will be thus implemented with a 2D quantum gas microscope [1] using the 171Yb atoms. Using 
n which is the re-

fractive index of the SIL. The brightness of the microscope can also be improved by factor of n2. Here we constructed a 
high-resolution microscope consisting of both a glass-corrected objective lens (N.A.=0.42) and the SIL, and evaluated its 
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We investigate laser spectra of bosonic 174Yb atoms in a three dimensional optical lattice both theoretically and experi-
mentally. With the aid of a ultra-narrow optical transition of the Yb atoms [1], high-resolution spectra are systematically 

of the bosonic Hubbard model with the ab initio manner; then, analyze this model based on the Gutzwiller approximation 

-
-

peratures and lattice depths. By comparing the numerical results with the measured spectra, we discuss phase transitions 
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Realizations of the Bose-Fermi Hubbard model in an optical lattice have been demonstrated by S. Sugawa, 
et al. [1]. Encouraged by these experiments, we have investigated correlation effects in a mixture of interacting 
bosons and polarized fermions [2]. We show that novel correlation effects inherent in the mixture system appear 

single-particle excitation spectrum for the fermions in metal, insulator, and supersolid phases. We also address how 
the effects appear in a mixture of bosons and two-component fermions. 
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Neutral strontium is an interesting candidate for the realization of an optical clock using a magic-wavelength 
optical lattice to store the atoms. I this poster, we will report on our work towards the development of an optical 

1S0- 
1P1 transition at 461 nm. It was demonstrated, that the number of strontium 

atoms were substantially increased using the 679 nm and 496 nm repamping diode lasers. The Sr –MOT is opera-

are discussed. 
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So far we have demonstrated a shift register, atom number squeezing close to quantum degeneracy [2], and spatially 
resolved, coherent excitation of Rydberg atoms [3]. A recently installed next-generation chip facilitates the continu-
ation of our experiments at trap separations of 10 µm. Also our improved imaging setup is presented. We aim to 
measure Rydberg-Rydberg Interactions between different microclouds to make quantum gates. Scaling down even 
further, we propose to aim for mesoscopic ensemble qubits in a 5 µm lattice, and for direct quantum simulators 
using sub-optical lattices of 100 nm period [4]. 

References 
[1] Whitlock et al., New J. Phys. 11, 023021 (2009). 
[2] Whitlock et al.,  PRL 104, 120402 (2010). 
[3] Tauschinsky et al.,  PRL 81, 063411 (2010). 
[4] Leung et al.,  Quantum Inf. Process. 10, 955 (2011).

 Tu-112 Quantum information

Michael Schug1,*, Jan Huwer1,2, Joyee Ghosh1,2, Christoph Kurz1, Philipp Müller1, Nicolas Piro2, Francois Dubin2, 
and Jürgen Eschner1,2

1. Experimentalphysik, Saarland University, Saarbrücken, Germany 
 

*mschug@physik.uni-saarland.de 

We study emission and absorption of single photons by a single atom as the fundamental processes in quantum 
information technology. We observe the absorption of single resonant photons from an 854 nm SPDC photon pair 
source by a single Ca+ ion, heralded by the detection of the partner photon. Photon absorption induces a quantum 
jump in the ion in coincidence with the arrival of the partner photon [1]. Moreover, we prepare the ion as a polariza-
tion-selective absorber with adjustable basis, and show that the heralded absorption reveals the entanglement of the 
photon pairs; this is a prerequisite of photon-to-atom entanglement transfer [2]. We also generate resonant single 
854 nm photons by controlled emission from a single ion into a single optical mode at ~ 3000 s-1 rate. We currently 
investigate the transmission of these photons and their resonant absorption in a second ion at 1 m distance, enabling 
distant entanglement between the ions [3].  
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We report on the development of a Quantum Cryptographic Networks for an approach to more secure commu-
nications, including a BB84 protocol and Blind detection method. Information is encoded in quantum bits (qubits), 
intrinsic physical properties, such as polarization of a photon. Quantum physics allows encoding information using 
the correlation between two or more particles. Quantum Key Distribution (QKD) is one of the innovative meth-
ods of information processing that emerged from the properties of «superposition of states» and «entanglement». 
QKD is used before classical information is transmitted over conventional non-secure communication channels 

paper presents a blind detection algorithm for linear mixtures of sources and therefore can be applied to systems 
of mobile communications. However, in our study it is used for coding and decoding quantum transmissions. The 
essential aim of our implementation is to present an example of application for single secure optical communication 
using BB84. We expect future applications of this method in quantum communications such as quantum transmis-
sion satellite to each other or satellite to ground station. Our work is a part of approach study and idea to product 
Quantum Error Correction Algorithm Control in LEO satellite quantum communications that is ongoing under the 
different Space Agency in the world. 
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We analyse how to generate multi-particle Einstein-Podolsky-Rosen (EPR) entanglement [1] between groups 
of atoms in a double-well Bose-Einstein condensate. We consider both the statistics of the ground state and that of 
dynamical evolution, with two internal modes at each well, so that the entanglement can be detected as a reduction 
in the variances of the sums of local Schwinger EPR spin observables [2]. The local nonlinear S-wave scattering 
interaction creates a spin squeezing at each well, while the tunneling introduces an interference that results in an 

numbers that the EPR paradox and steering nonlocality [3] can be realised. Our predictions are based on a full 
quantum solution and, for larger numbers, a truncated Wigner function simulation using a multi-mode model. We 
explain how the strategy can be extended to generate genuine tripartite entanglement among three wells. 
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generation of entangled photon states is based on optical parametric down-conversion. Other way of creating the 
-

uous variables.  The cluster state under consideration can be generated both in gas [1] and in aperiodical nonlinear 
photonic crystals [2]. They are described by the identical interaction Hamiltonian.  We also study   teleportation of 
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Quantum key distribution (QKD) consists of distributing a secret key to two distant parties in an untrusted 
environment controlled by an adversary. Among QKD protocols, those encoding information in the amplitude and 
phase of coherent states provide interesting performances and implementation [1]. However, due to losses or noise 
of the quantum channel, there exist a maximum transmission distance for which the secret key rate drops to zero. 

-
plifying the signal without amplifying the noise, in order to increase the performances of the QKD. We show that 
the maximum distance of transmission can be increased using thisdevice, as well as the maximum tolerable noise. 
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coherence, and which may violate the no-cloning theorem. It is also shown that the wave function collapse during 
observation can be explained with decoherence while pure states shift to mixed states through interaction with 
macroscopic body in mixed states. 
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We have loaded single Cs atoms into a planar array of blue detuned optical traps. The array is created using 
a novel optical beam arrangement that creates an intrinsically 2D array, is phase stable, and suitable for magic 
trapping of ground and Rydberg states [1]. We demonstrate single qubit gates in the array, and show that Rydberg 
excited atoms can be trapped. The array forms the basis for experiments with several atomic qubits and Rydberg 
gates. Work supported by IARPA, ARO, and DARPA. 
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A chain of trapped ion qubits together with Coulomb mediated two-qubit gates is a promising way to construct 
a modest-size quantum register. Quantum logic gates can also be performed between two remote ions using photon-
mediated entanglement [1], which leads to the possibility of connecting two remote chains together to form a larger 
quantum information processor. These two physical mechanisms can be used to realize a quantum computer archi-

Silicon microfabrication technology can be used to design and fabricate scalable surface trap structures. Here, 
we trap a single ytterbium-171 ion in a surface trap made by Sandia National Laboratories [3]. We use an off-

qubit states. Ramsey interferometry demonstrates a coherence time of more than 1.5s. 
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Recently a nonclassicality indicator is introduced which is based on the interference of quantum states in phase 

these nonccassicality indicators for entangled state of two eigenstate of Harmonic oscillator in the Wigner, Husimi 
and Rivier representations. The maximum of nonclassicality indicator is happen for pseudo bell states and the be-
havior of nonclassicality indicators are compared with the entanglement of formation.
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Entanglement between stationary systems at remote locations is a key resource for quantum networks. We 
report on the experimental generation of remote entanglement between a single atom inside an optical cavity 
and a Bose-Einstein condensate (BEC) [1]. To produce this, a single photon is created in the atom-cavity system, 
thereby generating atom-photon entanglement. The photon is transported to the BEC and converted into a collective 
excitation in the BEC, thus establishing matter-matter entanglement. After a variable delay, this entanglement is 

the atom-cavity system. The BEC as a quantum memory is characterized in [2]. 
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Recently, there have been considerable interests to investigate quantum entanglement in two-electron model 
atoms ([1-3] and references therein). Here we investigate quantum entanglement for the ground and excited states 
of two-electron atomic systems using correlated wave functions. We study the spatial entanglement of such sys-
tems, concentrating on the particle-particle entanglement coming from the continuous spatial degrees of freedom. 
We use two-electron wave functions constructed by employing -spline basis to calculate the linear entropy of the 

reduced density matrix L Tr
A A

= −1 2( ). Here ρ ϕ ϕ
A B AB AB
Tr= ( ) is the one-electron reduced density matrix ob-

tained after tracing the two-electron density matrix over the degrees of freedom of the other electron. For the helium 
atom (Z = 2), we have calculated the linear entropy for the ground state and the 1sns 1S e (n = 2 – 10) excited states. 
Results are compared with other calculations in the literature [1-3].
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Optical interferometer is the basis for precision measurement. We report on an experiment in which we con-

the traditional linear interferometer [1, 2]. The quantum correlation between multiple beams is very important for 
constructing a real quantum network and precision measurement [3]. Thus, we also explored the several possibili-
ties for achieving quantum correlation among multiple beams in such system.
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We present a degenerate adiabatic perturbation theory (DAPT) for quantum systems whose Hamiltoninans 
possess degenerate eigenvalues [1]. Its goal is to solve the time dependent Schrödinger equation, with the zeroth 
order being the quantum adiabatic approximation, in terms of a power series expansion built on a small parameter 

As an application, DAPT leads to the derivation of rigorous conditions for the validity of the adiabatic theorem of 

to the non-Abelian Wilczek-Zee geometric phase [1]. These corrections are relevant to assess the validity of the 
practical implementation of the concept of fractional exchange statistics. We illustrate the formalism by exactly 
solving a time-dependent problem and comparing its solution to the perturbative one and also by studying several 
problems numerically solved. 
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of a single two-level atom, which interacts with pulses propagating in two spatial-modes (odd and even) and fre-
quency-continuum, a setup particularly relevant for applications in integrated quantum optical devices. We discuss 
the single and multi-photon pulse properties maximizing the atomic excitation. We show that the maximum atomic 
excitation probability with multi-photon pulses in the even-mode is a monotonic function of the average photon 
number for coherent state, but not for Fock states. Furthermore, we demonstrate that the atomic dynamics can be 
controlled by the relative phase between the two counter-propagating coherent state pulses incident on the atom.
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Topological properties of physical systems can lead to natural protection against perturbations. In electronic 

effects. Here we demonstrate how various quantum spin Hall Hamiltonians can be simulated with linear optical 
elements using a two dimensional network of coupled optical resonators. Key features of quantum Hall systems, 

We experimentally investigate the implementation of such ideas in silicon-on-insulator technology and their ap-
plication as an optical delay line.  Such systems allow the presence of photonic edge states, which are insensitive to 
disorder, caused by fabrication errors. Furthermore, the addition of an optical non-linearity to our proposed system 
leads to the possibility of implementing a fractional quantum Hall state of photons, where phenomenon such as 
fractional statistics may be observable.
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We report on the observation of a characteristic change in the excitation spectrum of a Bose-Einstein conden-

phase transition. The observed behavior is reminiscent of a roton minimum, as predicted for quantum gases with 
long-range interactions [1]. We create long-range interactions in the BEC using a non-resonant transverse pump 

spectroscopically studied across the phase transition using a variant of Bragg spectroscopy. At the phase transition 
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Simulation methods based on stochastic realizations of state vector evolutions are commonly used tools to solve 
open quantum system dynamics, both in the Markovian and non-Markovian regime. Here, we address the ques-
tion of waiting time distribution (WTD) of quantum jumps for non-Markovian systems. We generalize Markovian 
quantum trajectory methods in the sense of deriving an exact analytical WTD for non-Markovian quantum dynam-
ics and show explicitly how to construct this distribution for certain commonly used quantum optical systems [1]. 
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We present an accurate calculation and discrimination of the electromagnetically induced transparency for 
the 5S –5P –5D  transition of 87Rb atoms. Considering all possible transitions, time–dependent density matrix 

matrix elements were then averaged over the Maxwell-Boltzmann velocity distribution and various transit times. In 
particular, we could discriminate the contribution of one-photon and two-photon resonance effects in the calculated 
spectra. We found that the signals for the 5D (F ″ = 2,3) states were mostly composed of the mixed term, whereas 
the signal for the 5D (F ″ = 4) state was originated from both the pure two-photon resonance term and the mixed 
term [1]. 
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Semiconductor microcavity polaritons offer new opportunities to study the properties of interacting bosons in 
the quantum degenerate regime. Here, we present a novel experimental platform to produce trapped polaritons with 

we observe strong coupling to the cavity as witnessed by an avoided level crossing as a function of cavity detun-
ing. For multiple quantum wells, the system exhibits signatures of polariton lasing observed through pump-power 
dependence, blue-shift and linewidth narrowing at threshold. One particular feature of our setup is the possibility 
to realize high Q
Bose-Einstein condensates with a decay time much longer than the polariton thermalization rate. 
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of neutral 87

state F =1  and apply a weak microwave pulse resonant to the transition F F= → =1 2 , which leads to the 

transfer of a single atom to F = 2  with a probability p = 0.2. We then detect if there is an atom in F = 2  by 
probing the cavity and repeat the sequence if it was not succesful. The use of the cavity allows detection with high 

the entanglement, we havedeveloped a new tomography method that also makes use of the cavity detection and 
allows to measure the Husimi-Q distribution, from which we reconstruct the density matrix of the prepared state. 
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We study, both theoretically and experimentally, the possibility to use an ensemble of cold Rydberg atoms as 
a strongly non-linear optical medium which could enable strong photon-photon interactions and the deterministic 
generation non classical states of light. The quantum state of a light beam can be stored in an ensemble of cold 
atoms as a polarisation wave involving two long-lived atomic states. If one of these atomic states is a Rydberg state, 
this polariton will evolve due to long-range atomic interactions. As a result, a coherent pulse of light stored in the 
atomic medium should turn into a non-classical polaritonic state which could be retrieved as a pulse of non-classical 
light. We have theoretically shown that the Rydberg gas should act as “quantum scissors” on the stored quantum 
state, and the retrieved optical pulse should become a coherent superposition of zero and one photons presenting 
a non-classical, negative Wigner function  [1]. We have also found realistic experimental parameters to retrieve 

-
mentally investigating the non-linear optical susceptibility of a Rydberg cloud in a classical regime. 
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In light matter interfaces based on the Faraday effect quite a number of quantum information protocols have 
-

tocols a deeper understanding of the relevant noise and decoherence processes needs to be gained. In this work [1] 

resulting decay and noise terms in effective equations of motion for collective atomic spins and the forward propa-
gating light modes to the full atomic level structure. We illustrate and apply our results to the case of a quantum 
memory protocol. Our results can be applied to any Alkali atoms, and the general approach taken in this article can 
be applied to light matter interfaces and quantum memories based on different mechanisms. 
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We explore the interaction between an atom and a quantized pulse in the arbitrary coupling strength regim. Two 

packet interacts with an atom located in a one-dimensional waveguide, and in the second situation an atom pass 
through a single mode detuned micromaser cavity. In the former case we show that the one photon wave packet 
experienced a temporal reshaping leading its algebraic area to vanish. A Schrödinger approach is used and an inter-
pretation in the spectral domain is given. In the latter case we highlight the importance of non-adiabatic coupling, 
that depends on the mode shape, and their interplay with the (quantized) atomic motion. We show that the transfer 
of population can be modulated by varying the atomic velocity. An analogy with a Michelson interferometer is 
exhibited. 
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We describe our recent results demonstrating strong coupling between single rubidium atoms and a high-Q 
whispering-gallery-mode bottle microresonator (Q = 50 million)[1]. We observe clear signals of individual atoms 
passing through the resonator mode with interaction times of several microseconds. Given this brief interaction 

results show a strong interaction between the atom and the resonator, which is observed by the large change in light 

As an application of this system, we describe our progress towards the realization of a four-port device capable 

the Volkswagen Foundation, and the ESF is gratefully acknowledged. 
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, Appl. Phys. B, 105, 1, 129 (2011). 
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We investigate the interaction between a single 87Rb atom and optical pulses with a controlled temporal enve-

atom with high NA lens. We have found that an atom is excited faster by using less photons in a driving pulse with 
a rising exponential shape. Although a rectangular shape eventually leads to higher excitation probability it takes 
more photons to excite the atom. We also observe that the atomic transition can be saturated with approximately 
100 photons in a pulse. This suggests that one expects to see a nonlinear interaction between atom and light for such 

This result show a possibility of optical switching for low photon numbers without cavity assistance.

Reference 
[1]  Y. Wang et. al., , Phys. Rev. A. 79, 011402(R) 

(2011). 
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Complex designer potentials for ultracold atoms can be created by combining optical lattices, and have great 
utility for simulations of condensed matter systems. Here, using optomechanical interactions, we spectrally resolve 
atoms at individual sites of asuperlattice with site dependent mechanical resonance frequencies. This allows us to 
make a “mechanical resonance image”, mapping the atomic distribution and lattice geometry. Further, the opto-

systems acts as a coupled array of quantum mechanical resonators with implementable entanglement and state-
transfer operations. 
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The macroscopic and microscopic quantum theories are known to give corrections to the rate of spontaneous 
emission in a dielectric. At the same time, there are only few works that provide Maxwell-Bloch-type equations 
for embedded particles derived using ab initio techniques. Another problem is that competing theories often give 

-

and modify their radiative properties. A generalized master equation is derived for two-level emitters, which form 

and the radiation relaxation rate of the optical center. The formalism represents a fully microscopic approach and 
is based on a BBGKY hierarchy for reduced density matrices and correlation operators of material particles and 

of individual and collective behavior of the emitters associated with the presence of intermediate environment. The 
analytical expressions for the excitation lifetime of an optical center are shown to be in agreement with several 
experiments. The similarities and differences with the other existing theories are discussed.
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In this work we study the dynamics of several types of atom-atom correlations in the famous two-atom Fermi 
problem [1]. Although any causality issue regarding quantum mechanical probabilities in such a model was recent-

References 
[1]  E. Fermi, Rev. Mod. Phys. 4, 87 (1932). 
[2]  C. Sabín, M. del Rey, J. J. García-Ripoll, and J. León, Phys. Rev. Lett 107, 150402 (2011). 

 Tu-140 Quantum optics…

Hanno Kaupp1,2,*, Matthias Mader1,2, Louis Costa1,2, Christian Deutsch1,2, Jakob Reichel3, Theodor W. Hänsch1,2, 
and David Hunger1,2

 
2. Max-Planck-Institut für Quantenoptik, Garching, Germany 

 
*hanno.kaupp@physik.uni-muenchen.de

-
cal resonators with free space access [1, 2]. These microcavities feature a very small mode volume on the order of 
a few tens of cubic wavelengths and a very large Finesse of up to 105, corresponding to quality factors of several 
millions. Thus, the Purcell factor being proportional to the ratio of quality factor and mode volume can be as high 
as 104, which can dramatically increase the emission rate of an emitter inside the cavity. 

We use the microcavities to couple solid state based emitters such as color centers in diamond to the cavity. 
First results from spectra of ensembles of nitrogen-vacancy centers coupled to the cavity show a strongly increased 

accounting for the dephasing. 

References 
[1] D. Hunger, New Journal of Physics 12, 065038 (2010).
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Size effects on thermal radiation of a dielectric 

microparticle

Maki Tachikawa, Hitoshi Odashima, Naoya Kase, and Kousuke Nagase

 

-
roscopic objects, it remains an open question if Planck’s formula applies to particles of size comparable to optical 
wavelengths.  We experimentally demonstrate that thermal radiation from a micron-sized dielectric particle depends 
sensitively on its morphology and optical properties.  Our laser trapping technique levitates a high-temperature mi-
crosphere of aluminum oxide and enables emission spectroscopy of the single particle [1].  As the particle becomes 
smaller, a blackbody-like spectrum turns into a spectrum dominated by multiple peaks resonant with whispering 
gallery modes of the spherical resonator.  Analysis of the particle size dependence of the emission power reveals 

-
sition occurred in the optical trap.   

Reference 
[1] H. Odashima, M. Tachikawa, and K. Takehiro, “Mode-selective thermal radiation from a microparticle”, Phys. Rev. A 80, 

041806(R) (2009). 
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Junki Kim, Younghoon Song, and Kyungwon An*
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realization of the coherently pumped microlaser. In our experiment both atomic position control and superposition 
state pumping are made possible by employing an atomic beam aperture with an array of nanoholes with a period 
matching the resonance wavelength(791 nm of barium 1S0-

3P1 transition). The cavity mirrors are specially shaped so 

Preliminary data on coherent pumping will be presented and discussed.

Reference 
[1] Krause, J. and Scully, M. O. and Walther, H “Quantum theory of the micromaser-Symmetry breaking via off-diagonal atomic 

injection”, Phys, Rev. A 34, 2032-2037 (1986).
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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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Phase coherence has dramatic effects on the transport properties of waves in random media. Interferences 
between certain scattering events may act against diffusion, and eventually lead to a complete halt of the wave 
(Anderson localization). In momentum space, such interference effects manifest themselves as the well-known 
coherent back scattering (CBS) peak, i.e. an enhanced scattering in the backward direction. A remarkable tool to 
probe phase coherence in mesoscopic systems, CBS has been widely studiedwith various kinds of waves, from light 
to electronic waves [1]. Here we report the direct observation of CBS of ultracold atoms in presence of disorder. 
Following the landmark experiments that have demonstrated Anderson localization, it constitutes a smoking gun of 
phase coherence in ultracold disordered gases. This opens new prospects to investigate phase coherence properties, 
and especially the emergence of Anderson transition in 3D. 

Reference 
[1]  E. Akkermans and G. Montambaux, Mesoscopic Physics of Electrons and Photons, Cambridge University Press, London, 

2007). 
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Motivated by the recent achievement of single-site-resolved imaging and manipulation of strongly correlated 
bosonic systems in an optical lattice, we illustrate our progress and future plans in our attempts to realize a fermi-
onic quantum simulator. Detecting and manipulating strongly correlated fermionic systems at the level of a single 
atom will further exploit the potential of ultracold atoms as a quantum simulator for, e.g., the Fermi-Hubbard 
model, which is a key model in condensed matter physics. 

Atoms from a two-stage magneto-optical trap of 87Rb and 40K are loaded into a magnetic trap, before evapora-
tive cooling and transport in an optical trap delivers a quantum degenerate gas to a 3-dimensional optical lattice. 
By selective removal of atoms from all lattice planes but the one at the focal plane of a NA = 0.68 microscope 
objective, we will resolve the distribution and evolution of atoms across individual sites of the 2D lattice using 

or entropy distribution of quantum phases such as fermionic Mott insulators, Band insulators, metallic phases or 
Néel antiferromagnets. Single-site manipulation will be possible by means of an addressing beam focused by the 
imaging microscope, which will allow us to investigate the effect of local perturbations on the system. 
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We experimentally produce a Spin-Orbit coupled Bose-Einstein condensate with the technique of Raman cou-
pling and systematically study the dynamical properties of such a condensate. We present an experimental study 
of the collective dipole oscillation of a spin-orbit (SO) coupled Bose-Einstein condensate in a harmonic trap. A 
number of interesting properties is observed. The frequency of the center-of-mass dipole oscillation deviatesfrom 
the harmonic trap frequency and depends on the oscillation amplitude, as a manifestation of the change of single-
particle dispersion. A magnetization oscillation induced by the dipole oscillation is also observed, revealing the 
coupling of the spin to the momentum of an atom and the absence of Galilean invariance of this system. These ex-
perimental results are then compared to theoretical calculations based on variational wave function approximation. 

Reference 
[1]  Shuai Chen et.al., 

Dipole Oscillation
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The electric dipole moments of various neutral elementary particles, such as neutron, neutrinos, certain hy-
pothetical dark matter particles and others, are predicted to exist by the standard model of high energy physics 
and various extensions of it. However, the predicted values are beyond the present experimental capabilities. We 
propose to simulate and emulate the electric dipole moment of neutral relativistic particles and the ensuing effects 
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Tommaso Roscilde

Laboratoire de Physique, Ecole Normale Supérieure de Lyon, 46 Allée d’Italie, 69007 Lyon, France

including condensate phases in which the bosons create an array of persistent currents whose “handedness” (chiral-
ity) corresponds to an emergent, discrete degree of freedom; and novel bosonic insulators, which are the particle 
analog of exotic spin liquid phases for quantum spins, among others. Here we will present a variety of theoretical 
results concerning strongly interacting bosons on a frustrated lattice, as recently realized in a seminal experiment 

in experiments on frustrated triangular and square lattices; moreover we will illustrate the possibility of observing 

Reference 
[1]  J. Struck et al., Science 333, 996 (2011). 
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Trapped and laser cooled ions are the promising candidates for realizations of quantum information proces-
sors and simulators. Recently, many experiments related to quantum simulation with trapped ions are reported and 
quantum phase transition of Ising spin model are observed. 

Our goal is to simulate Bose-Hubbard model (BHM) by using ions. The radial vibrational phonons act as 
bosons in BHM and the coulomb coupling between ions induces phonon hopping [1]. Here we report observation 
of phonon hopping dynamics of two trapped 40Ca+ and the measured hopping rate is a few kHz [2]. Moreover, we 
succeeded in controlling the hopping rates by changing the inter-ion distance and this work is the essential step for 
physical implementation of BHM simulator with trapped ions. 

References 
[1]  D. Porras and J. I. Cirac, Phys. Rev. Lett. 93, 263602 (2004). 
[2]  S. Haze, Y. Tateishi, A. Noguchi, K. Toyoda, and S. Urabe, Phys. Rev. A, 85, 031401(R) (2012). 
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1 1 lines emitted by highly charged H-like ions after 
radiative recombination (RR) of bare nuclei with unidirectional electrons. These calculations were performed for 
several ions with atomic numbers 10 ≤ Z ≤ 92 and various incident electron kinetic energies from 0.01 to 10 times 
the 1s ionization potential, and have included RR into states with principal quantum number up to n=6 followed 

dipole approximation with the non-relativistic and relativistic electron wavefunctions and the third in the exact 

using these three sets of cross-section data were compared with each other in order to reveal the importance of the 
relativistic and multipole effects as  and the electron energy increase.

Reference
[1] L. Bettadj, M. K. Inal, A. Surzhykov and S. Fritzsche, ‘‘Effects of the radiative recombination on the intensity and polarization 

of the Ly-a emission of hydrogen-like ions’’, Nucl. Instr. Meth. B 268, pp. 3509-3516 (2010).
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We present an experimental and theoretical study of Al and Sb colliding with helium at 800 mK. Zeeman re-
laxation in atom–He collisions can serve as a probe of their interaction potentials. We observe Zeeman relaxation 
by measuring dynamics of the magnetic sublevel distribution in different Zeeman states in homogeneous magnetic 

of Al, the anisotropic 2P  excited state is mixed with the isotropic 2P  ground state during a collision to cause 
relaxation. We investigate both mJ- and J
theoretical model previously developed for In and Ga. In the case of Sb, spin-orbit coupling mixes L
the ground state(4S ), and hence introduces electronic anisotropy into its interaction with He. This work constrains 
the Sb-He potentials and extends our understanding of cold collisions in pnictogens. 
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In thermal plasma, the ion- atom collisions proceed most probably though resonance processes. One of the im-
portant processes is resonate transfer excitation (RTE) followed by emission X-ray (RTEX). It causes a self cooling 
for plasma. In addition, it is identical to the dielectronic recombination (DR) in electron-ion collisions. The present 

DR′ DR′s) as well as RTEX cross 
RTEX′s)  for  Mg-like ions [Ar6+ and K24+

6+ and Kr24+ ions with He and H2 targets. The 
calculations are carried out using the adapted angular momentum average (AMA) scheme in the isolated resonance 
approximation (IRA). The results are compared with other results [1] for the same ions.

Reference 
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It is well-known that increasing the nonlinearity due to repulsive atomic interactions in a double-well Bose-

the dynamical tunnelling of a Bose-Einstein condensate between period-one resonances in a single driven potential 
well. 

as compared to the non-interacting system. For nonlinearities above a critical value we generally observe that the 

re-emerges for large enough nonlinearities, an effect not present in spatial double-well tunnelling. We develop a 
two-mode model in good agreement with full numerical simulations over a wide range of parameters, which allows 
the suppression of tunnelling to be attributed to macroscopic quantum self-trapping. 

Reference 
Macroscopic Quantum Self-Trapping in Dynamical Tunnelling
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We present perturbative calculations of dipole-dipole and quadrupole-quadrupole long-range interactions be-
tween calcium, strontium and ytterbium Rydberg atoms based on the Coulomb approximation and degenerate 

C5

quadrupole) and C6 (second-order dipole-dipole), in terms of radial matrix elements and angular factors [1,2]. 
The Coulomb approximation enables the use of analytic expressions for the radial matrix elements [3] requiring 

only the orbital angular momentum and binding energies of the electronic states. The latter are obtained by extrapo-

Examination of the results reveals large variations between the different series. Two Förster resonances are 
found in the range examined, both in triplet states of strontium. Particular attention is paid to the isotropic S states 
of strontium and ytterbium, where attractive interactions are found for strontium and comparatively weak repulsive 
interactions in ytterbium. 

References 
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[3]  Oumarou B., Picart J., Tran Minh N. and Chapelle J. 1988 Phys. Rev. A 37, 1885. 



246 Tu-155 Atomic interactions…

D. Maxwell*, H. Busche, D. Paredes, D. Szwer, M. P. A. Jones, and C. S. Adams

Department of Physics, Durham University, Durham, UK  

Rydberg blockade limits the number of excitations in an atomic ensemble to one, creating a powerful platform 
for quantum information processing using neutral atoms [1]. It is possible to map the Rydberg blockade process 
into a photon blockade, producing a large optical non-linearity [2]. In our experiments we aim to isolate a single 
blockaded ensemble, or superatom, and exploit the photon blockade process to produce non-classical states of light. 

In recent experiments we have focused on the writing and reading of Rydberg polaritons in the ensemble pro-
viding information on the dephasing of the superatom. 

References 
[1]  M. D. Lukin et al., , Phys. Rev. Lett. 
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The momentum distribution of cold atom with photoassociation was studied using laser -cooled and trapped 
85Rb. Due to the energy conservation, a pair of atoms can only be associated, if its internal kinetic energy is equal to 
the detuning of the excitation laser. In our photoassociation trap loss experiment, the atoms with a certain velocity 
was “kicked” out of trap by controlling the laser frequency. The momentum distribution was then manipulated and 
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The giant size and large polarizibility of Rydberg-atoms, resulting in strong long-range Rydberg-Rydberg inter-
actions, make them ideal to study many-body effects in ultracold atomic gases. We use an interferometric technique 
based on an optical Ramsey sequence to study such resonances in the 44d  Rydberg state of ultracold 87Rb atoms. 
With this phase sensitive method we show that we can switch and tune the inter-atomic interaction [1]. Extending 
the scheme using different electric pulse sequences we can additionally probe the coherent coupling of the involved 
pair states [2]. The coherent nature of the Förster induced interaction is crucial for many of its applications. Fur-
thermore the system presented here could be used to model Förster induced energy transfer processes which play 
an important role in biophysics. 

References 
[1] J. Nipper, J. B. Balewski, A. T. Krupp, B. Butscher, R. Löw, and T. Pfau, “Highly Resolved Measurements of Stark-Tuned 

Förster Resonances between Rydberg Atoms”, Phys. Rev. Lett. 108 113001 (2012).  
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Recently, the intensity-intensity correlations between probe and coupling lasers in electromagnetically induced 
-

pling and probe lasers interacted with Rb atoms under condition of electromagnetically induced absorption (EIA). 
-

-
tion G(2)(0) was transformed from 0.3 (correlation) to – 0.9 (anti-correlation). Also, G(2)(0) of EIA medium was mea-
sured as functions of the incident laser power and the temperature of the Rb atomic vapor cell. We could illuminate 
the intensity correlation and anti-correlations of EIA using the N-type four-level atomic model.
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The production of strongly coupled plasmas, where the Coulomb interaction between neighbouring particles 
dominates their kinetic energy, would allow for better understanding of dense astrophysical plasmas and for prepar-
ing bright, correlated ion and electron sources [1]. The strongly coupled regime is however hardly reached so far 
by ionising ultra-cold atomic or molecular gases, due in part to a fast re-equilibration of the ion spatial distribution. 
This phenomenon, called disorder-inducedheating, could be prevented by starting from a pre-organised sample [2]. 

To do so, we release a dense 87Rb cloud from an optical dipole trap, and continuously couple the atoms to the 55S  
Rydberg state. Using combined opticaland ion detection, we observe a sudden ionisation avalanche, triggered 
despite repulsive Rydberg interactions. Prior to its onset, we observe that strong spatial correlations have already 
built up between Rydberg atoms, which should be preserved in the avalanche to form a strongly correlated plasma. 
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In order to interpret the spectrum of the linear polarization which is produced by scattering processes observed 
close to the solar limb, we need to evaluate the impact of collisions with neutral Hydrogen atoms on polarization’s 
signals of some neutral and ionized atoms.

We present preliminary results concerning the calculation of emergent fractional linear polarization amplitudes 
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We employ a continuum distorted wave (CDW) approximation with the correct kinematics to calculate the 

are unveiled and investigated, among them a vortex, akin to a deep minimum recently uncovered in the triple 
differential cross section for electron-atom ionization collision [1]. We also explore how this structure develops 
in the multidimensional continuum of the impinging positron, the emitted electron and the recoiling ion. Finally, 

Quantum Mechanics.
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We have observed Feshbach resonances for 133 -

ratio observations at densities of only 2 × 107 cm–3. We have reproduced these resonances using coupled–channels 
calculations which are in excellent agreement with our measurements. We justify that these are S–wave resonances 
involving weakly–bound states of the triplet molecular Hamiltonian, identify the resonant closed channels, and 
explain the observed multi–peak structure. We also describe a model which precisely accounts for the collisional 
processes in the fountain and which explains the asymmetric shape of the observed Feshbach resonances in the 
regime where the kinetic energy dominates over the coupling strength. 
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The phenomenon of two-photon cooperative absorption is common in solid-state physics [1]. In a sample of 
trapped cold atoms, that effect may open up new possibilities for the study of nonlinear effects. In this work, we 
demonstrate the occurrence of a two-photon cooperative absorption in a pair of colliding cold Na atoms kept in a 

 and a P  atom. The result of this excitation is observed by ionization 
using an external light source. A model that considers only dipole-dipole interactions between the atoms allows us 
to understand the basic features observed in the experimental results. Both the pair of generated atoms and the pho-
tons originating from their decay are correlated and may have interesting applications that remain to be explored. 
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dipoles and the short-range dynamics is modeled by the complex boundary condition introduced in [1]. We solve 
the scattering equations using a spectral element discretization approach that ideally exploits the sparse nature of 
the potential coupling matrix and guarantees high accuracy. Elastic, inelastic, and reactive rates are calculated as a 

depending on the experimental parameters the reaction rates can be strongly suppressed, stabilizing the gas versus 
reactive processes. The difference between bosonic and fermionic symmetry cases is discussed. The numerical 
results are interpreted on the basis of simple energy barrier considerations and of reduced adiabatic models. 
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A geometrical (Berry) phase of 180o has been observed in the electron spin exchange excitation of zinc atoms 
from the ground (3d104s2)1S0 state (MS=0) to the (3d104s5s)3S1 (MS=0) state.  The Stokes parameter P2 (aligned lin-
ear polarization) of the light emitted in the optical 468.1, 472.3, and 481.1 nm decays to the (3d104s4p)3P0,1,2 states 
reveals an aligned angular momentum. The excitation from a 1S to a 3S state was expected to be a pure exchange 
process but the Fermi statistics and Pauli exclusion principle establish the phase change of 180o. The Pauli sign is 
a geometric phase factor of topological origin such that the electron spin is “parallel transported” around a closed 

Reference
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-
tion of fundamental interaction processes and for steering chemical reactions. Focussing on the best-controlled 
experimental conditions, such as using state-selected single particles and low temperatures, is crucial for the inves-
tigation of chemical processes at the most elementary level. 

potential well depth in order to trap the reaction products, while the absence of a Coulomb-barrier allows the par-
ticles to collide at short internuclear distance.

Here, we report on the experimental tuning of the exchange reaction rates of a single trapped ion with ultracold 

on chemical reaction rates and branching ratios and monitor the kinematics of the reaction products. These inves-
tigations advance chemistry with single trapped particles towards achieving quantum-limited control of chemical 
reactions and pave the way to the study of the coherence properties of a single trapped ion in an ultracold buffer gas. 
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We demonstrate that the phase shift in elastic S-wave positronium (Ps)-atom scattering can be precisely deter-

potential acting on the center-of-mass of the positron and one of the atomic electrons. The calculated phase shifts 
-

tial. Using the stochastic variational method, explicitly correlated Guassian-type basis functions are optimized and 
-

ing auxiliary one-dimensional potentials. The phase shifts calculated for the one-dimensional potential scattering 
are the same as the phase shifts of the Ps-atom scattering. For the Ps-hydrogen scattering, the present calculations 

the Kohn variational and R-matrix calculations is resolved. For Ps-helium scattering, our calculations achieve a 
higher precision than reported in any previous publication.   
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A bright, stable beam of cold thorium monoxide is an essential component of an ongoing experiment to measure 
the electron’s electric dipole moment [1]. The source presents interesting technical challenges since ThO is reac-
tive, while its production precursors, thorium metal and thorium dioxide, are highly refractory. We have realized a 
ThO source that produces 1013 molecules sr–1 s–1 in a single ro-vibrational level [2]. A ThO2 ceramic in a cryogenic 
buffergas cell is laser ablated to produce pulses of gas-phase ThO, which is cooled by the buffer gas before exiting 
the cell in a beam. We are also developing a continuous source of ThO via a high-temperature reaction between 
Th and ThO2 that promises increased peak and time-averaged yields. We discuss ongoing work and recent results. 
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The potentials of ultracold polar molecules have been discussed with respect to quantum information process-
ing and quantum simulation [1]. This experiment focuses on the production of quantum degenerate YbCs mol-
ecules. We propose to magneto-associate the atoms over a Feshbach resonance [2] and transfer them to the ground 
state using Stimulated Raman Adiabatic Passage (STIRAP) [3]. Ground state YbCs will, due to its singe valence 
electron, exhibit an electric as well as a magnetic dipole moment. It should therefore exhibit spin dependent inter-
actions in addition to long-range dipole-dipole interactions [1]. Here we outline the theoretical and experimental 
progress on creating a dual species Magneto-Optical Trap (MOT) of Yb and Cs.
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The development of laser cooling and trapping for a diverse set of atomic species revolutionized atomic and 
quantum physics. Expanding the techniques of laser cooling and trapping to molecules would provide new systems 
with complex, rich interactions. Theadditional structure that arises from the rotational and vibrational degrees of 

for use with molecules, but it is a challenge that we can overcome. In order to maintain a closed rotational manifold 
for the optical cycling transition, one typically excites from an N ″ N ′ = N ″ – 1 rotational sublevel. This excitation 
scheme corresponds to a type II MOT [1]. We will present the latest results on the development of a MOT for laser 
cooled yttrium monoxide molecules based on a resonant LC-baseball coil geometry for a time-varying magnetic 
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Recently, laser cooling of molecular beam was realized for SrF molecule by a group in Yale university[1]. The 
key issue for the laser cooling of molecules was to form an almost closed cycling transition by using a transition 
with diagonal Franck-Condon factors. Laser cooling technique of molecules could be a breakthrough for many 
experiments of ultracold molecules.

In our experiment, we are making ultracold KRb molecules by an indirect method, where K and Rb atoms are 
cooled by MOT and weekly bound molecules are formed with photoassociation from these atoms, and then the 
molecules are transferred into the rovibrational ground state (X1 +, v = 0, N = 0) by STIRAP[2]. From ab-initio 
calculations of molecular potentials, we found that X1 +-b3

0 transition may have a narrow natural linewidth and 
diagonal Franck-Condon factors. Recently, we have succeeded in observing this transition. And we have experi-
mentally determined its natural linewidth and Franck-Condon factors for (v-v′) = (0-0), (1-0) and (2-0) transitions, 

-
ated molecules is as low as 135 uK, we expect that three-dimensional laser cooling of photoassociated molecules 
can be realized by using this transition.
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The determination of the long-range anisotropic interaction between polar bialkali molecules is of crucial im-
C6 of the 

multipolar interaction depends on the dynamic polarisability of the molecule evaluated at imaginary frequencies, 
expressed as a sum over all possible radiative transitions of electronic dipole moments. Using a mixture of up-to-
date spectroscopic data and accurate ab initio data for potential energy curves, and permanent and transition dipole 

LiCs, NaK, NaRb, NaCs, KRb, KCs, RbCs) in an arbitrary vibrational level of their electronic ground state. For the 
lowest vibrational levels the C6 parameter varies from about 103 atomic units for LiNa up to 107 atomic units for 
NaCs, which will lead to different collisional regimes at ultracold temperatures. 
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trapped ultracold gases. Non-resonant light with intensities of the order of 109 2

-
nance is adiabatically moved close to k  times the trap temperature, thus enhancing its thermal weight [1]. The 
quasi-bound nature of the resonance wavefunction results in larger free-to-bound transition matrix elements and 
subsequently enhances the photoassociation rates by several orders of magnitude [2]. Results for the photoassocia-
tion rates of the Cs2 and Sr2 molecules will be presented as the laser intensity is varied.
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and important applications, such as precision measurements of fundamental constants, study of dipolar physic, 

ground state, without relying on a magnetic Feshbach resonance. We implement instead a STIRAP sequence, us-
ing laser frequencies near the weak 1S0-

3P1 intercombination line, and operating on ultracold Bose condensed 84Sr 

spectroscopy on the last bound vibrational levels of the excited state 0u, 1u and the ground state 1Σg
+  potentials. We 

then produce samples of 4 × 104
2 molecules are good candi-

dates [2] for the model independent measurement of time variations of the proton-to-electron mass ratio. 
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Understanding the dynamics of larger clusters CO-(H2)n can serve as a model for molecules trapped in solid 
para-hydrogen (pH2), which is useful for a range of low-temperature physics applications. Recently, we have built 
ab initio
cluster calculations and the three-body contributions to the nine-dimensional potential energy surface in the van 

pH2 clusters are predicted to 
-

the system. In order to verify the validity of this criterion, it is necessary to study the behavior of molecules in the 
pH2

rotational motion is traced using a path integral hybrid Monte Carlo (PIHMC) method. A cluster size dependence 
of the effective rotational constant is presented. It is found that the increase in rotational constants is also seen in 
the pH2 pH2 cluster around 
the CO molecule.
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Due to its paramagnetic ground state YbRb is an interesting candidate for the realization of dipolar molecules 

the electronic ground stateof YbRb which is an important step towards the realization of YbRb ground state moel-
cules [1]. Using two-photon photoassociation spectroscopy in laser-cooled mixtures of 87Rb and various Yb iso-
topes we are able to determine the binding energies of weakly-bound vibrational levels and the positions of possible 
magnetic Feshbach resonances. Recent theoretical work suggests that also in mixtures of alkali and spin-singlett 
atoms magnetic Feshbach resonances could be experimentally accessible [2]. From additional investigations by 
means of Autler-Townes spectroscopy we obtain information on the transition rates between vibrational levels of 
different electronic molecular states. 
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Arrays of permanent magnetic slabs for producing 2D arrays of microtraps for trapping and controlling ultra-
cold atoms have been introduced [1]. We propose a 2D array of square magnetic slabs which has been previously 
used to obtain analytical expressions for a class of permanent magnetic lattices [2]. We also, propose a more 

Our analytical expressions and numerical results for different atoms are in very good agreement. The second pattern 
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We report a realization of determinately trapping individual isotopic 85Rb and 87Rb atoms in a ring shaped opti-
cal far-off resonant trap (FORT) array. The sites of the array and the species trapped in sites are fully manipulated 
by using a blue-detuned Laguerre-Gaussian (LG) beam[1]. The LG beam has a repulsive potential and prevents the 
trap already having an atom from loading a second type of atom and from light assisted atom-atom collision. Using 

85Rb-87Rb dual-species, an extension to other dual-species is straightfor-

the spatial light modulator [2], this work would be a key step toward the study of 85Rb-87Rb collision and formation 
of a single hetero-nuclear dipolar molecule. 
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-
-

-
bre can be measured. The study is useful for characterizing the effect which surface interactions have on cold atoms.
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An original beam-laser spectroscopy set-up has been built at University of Liège. This setup allows us to pro-
duce atomic beams from samples heated in a high temperature oven. With help of laser beams crossing the atomic 

spectroscopy is obtained. We get similar resolutions to those inherent of usual laser saturation spectroscopy setups, 
while being able to access atomic levels otherwise unaccessible with saturation spectroscopy. Preliminary results 

interacting with the laser beam. Our setup also allows for colinear optical pumping to enhance the laser absorption 
signals. These effects will be discussed as well, along with future prospects of our experiments. 
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We have set up a laser system based on laser diodes from Blue-Ray devices operating at 410.6 nm [1]. This 
system consists of a master oscillator and a slave laser. The master is a Blue-Ray chip with extended resonator; 
output power is 20 mW and the spectral width is of 1.2 MHz. The slave laser is injection locked to the master. The 
system delivers 120 mW of blue light in single frequency regime. With the help of this system we demonstrate laser 
cooling and magneto-optical trapping of 30000 Tm atoms. Previously, laser cooling of Tm was demonstrated by a 
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consequently provide a suitable environment to study quantum information processing and quantum computing. 
We develop simulation of the classical and quantum motion of a single trapped ion in a linear Paul trap. In particu-
lar we make use of Floquet theory to reduce the problem to an effective time-independent one, based on the time 

ion, where all degrees of freedom are treated quantum mechanically.
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In recent years, there has been increasing interest in ultracold polar molecules. In particular, a molecule consist-
ing of alkali and alkali-earth atoms has an electron spin, offering variety of research such as quantum simulators of 
lattice spin models. Recently, the electric dipole moment of the RbSr molecule has been predicted to be 1.36 Debye 
in the rovibrational ground state [1], which is advantageous to explore new quantum phases such as a crystalline 
phase. 

We constructed an apparatus for laser cooling of Rb and Sr. For laser cooling of Sr, a 461-nm cooling beam 
was derived from a SHG cavity using a KNbO3 crystal [2], whereas a 497-nm repumping beam was derived from a 
PPLN waveguide. We succeeded in simultaneous magneto-optical trapping of Rb and Sr. 
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We present the realization of large Coulomb crystals containing up to 5 × 106 strontium ions. This kind of 
-

copy [2]. Our experiment is based on a linear Paul trap loaded by photo-ionization of a strontium atomic vapor 
using ultrafast pulses allowing for the formation of large multi-isotope Sr+ Coulomb crystals. We also present a 
method for controlling the ratio between the various strontium isotopes in the ion crystals. For example we real-
ized pure crystals (of 88Sr+, 86Sr+, and 84Sr+

(e.g. 86Sr+ + 84Sr+). Coulomb crystals containing two spatially segregated isotopes have applications in quantum in-
formation experiments in which one isotope sympathetically cools a second isotope fully available for quantum ma-
nipulation. We also present preliminary measurements of single-pass absorption realized in such atomic samples. 
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We investigate the guiding of electrons in a miniaturized planar ac-quadrupole guide (linear Paul trap) [1]. 
Electrons propagating freely along electrodes on a micro-fabricated chip experience a tight transverse harmonic 

potential is still resolvable by electron optics. This encourages experiments to prepare electrons in the transverse 
motional ground state by matching the wavefunction of an incident electron with the ground state of the microwave 
guide. Here we report on our ongoing experimental efforts. We use a single-atom tip electron emitter, a point source 
for electrons producing an exceptionally bright and fully coherent electron beam, for injection into the guide. Ef-

electron wavefunction. For collimation of the electron wavepacket right after emission we are fabricating a sub-mi-
cron electrostatic lens. We present the current status of the experiment as well as numerical simulations on quantum 
mechanical electron wavefunction propagation. In this context electron guiding represents an ideal starting point 
for guided matter-wave interferometry and controlled electron-electron or electron-surface interactions where the 
quantum mechanical states of the guide serves as carrier of quantum information.
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Laser cooling atoms to ultracold temperatures has opened a new fruitful regime for atomic physics. Closed shell 
atomic ions, such as Na+, and nearly all molecular ions lack the optical transitions that are required for laser cooling, 
precluding their use in a variety of experiments, including near zero-K reaction studies and applications such as 
quantum gates. We have created a hybrid atom-ion trap system to cool atomic or molecular ions which cannot be 
laser cooled [1]. It consists of a magneto-optic trap (MOT) for Na, concentric with a linear Paul r.f. ion trap [2,3].  
Recent simulations we have carried out using SIMION 7 show that cold MOT atoms may be used to sympatheti-

exposed to the MOT have extended lifetimes in the Paul trap. We have studied secular frequency quenching of 
unwanted ions (e.g. Na2+) from the Paul trap, without disturbing the trapped Na+ ions.
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The magneto-optical traps allow cooling and trapping of atoms. Some of the possible applications for the cold 

[1]The purpose of our research is to study the behaviour of the movement of atoms by varying some parameters 
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A noisy environment induces unwanted disturbances to quantum states and leads to decoherence. From this 
point of view, a decoherence-free subspace (DFS) is well known to prolong the coherence time. In particular, a DFS 
using a dressed state [1] (“dressed DFS”) has the advantage that quantum states are protected even in the presence 

-

projections of total angular momentum are zero can be used to construct the dressed DFS. 
We demonstrate dressed decoherence-free entangled state [2] i.e. a logical qubit in dressed DFS using a com-

bination of a dressed state of rf qubits and an Mølmer-Sørensen interaction. The coherence time of this entangled 

References 
[1] N. Timoney, et. al.,  Nature 476, 185 (2011). 
[2] A. Noguchi, et. al., Generation of a Decoherence-Free Entangled State Using a Radio-Frequency Dressed State Phys. Rev. 

Lett. 108, 060503 (2012). 



Cooling and trapping… Tu-189 263

Sonali Warriar, Asaf Paris-Mandoki, Matt Jones,  
Peter Krüger, and Lucia Hackermuller*

University of Nottingham, UK  
*Lucia.Hackermuller@nottingham.ac.uk 

Ultracold mixtures hold the promise of understanding new phases of matter and collisions at very low energies. 
By combining the capabilities of the atom chip with optical dipole trapping, it will be possible to trap these mixtures 
in low dimensions and tune their scattering lengths via Feshbach resonances. In this way it will also be possible 
to realise experiments with additional magnetic potentials, position dependent interactions or impurity dynamics. 
Here we present the current status of our Lithium and Cesium experiment. We detail the cooling schemes for both 
atom species and include the recent development of implementing an optical dipole trap. We discuss ideas for fu-
ture measurements with separately addressable Bose-Fermi mixtures in optical dipoletraps, such as transport and 
impurity studies in low dimensions, close to a chip surface. 
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We report on the progress on a laser based accelerator for studying cold collisions between ultracold atoms. 
-

pendence of three-body scattering observables [1] and to implement “hard probes” for strongly interacting gases. 
Having demonstrated and characterized the working principle of the optical collider [3] using 87Rb atoms in the 

F m
F

= , =2 2  ground state, we are presently extending the scheme to multiple internal quantum states and to col-

-
lision energies into the millikelvin (measured in units of the Boltzmann constant) regime with nanokelvin samples.
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Recent experiments have demonstrated steps toward creating neutral atom analogs to superconducting cir-
cuits[1]. The goals of these experiments are to create complex systems like Josephson junctions. For these devices 

experimental realization of these fundamental elements. We have created an atom analog to a capacitor that we dis-
charged through a resistor and inductor. We derive theoretical values for the capacitance, resistance and inductance, 
showing them to be analogous to the quantum capacitance[2], Sharvin resistance[3] and kinetic inductance[4] 
found in condensed matter. This atomtronic circuit is implemented in a thermal sample of laser cooled rubidium 

-
ized phase-contrast imaging technique. We also discuss current progress in extending this work to a sodium BEC. 
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atoms and all molecules have transitions that can radiatively branch out to a multitude of other states. Exciting pop-
ulation from all these lower-energy states requires a large number of lasers which makes the conventional scheme 

(FC) spectrum generated by the pulse train can drive many transitions simultaneously. Positions and intensities of 
individual FC teeth can be manipulated by pulse shaping techniques. Recently we demonstrated that the ensembles 
of two- and three-level systems can be effectively cooled by such trains [1]. As a result of cooling, atomic velocity 

c T, 

c is the carrier wave length and T is the pulse repetition period. Here we report our theoretical results on 
Doppler cooling multilevel systems with coherent trains of shaped laser pulses. 
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Long-range interactions between Rydberg atoms in cold atom ensembles lead to spatial correlations that are 
not present in the ground state distribution [1, 2]. We aim to study these correlations using a scanning autoionising 
microscopy technique. We excite a cloud of Sr atoms cooled to 5mK to a Rydberg state via a resonant two-photon 
transition using narrowband CW lasers. Working with strontium means there is a second valence electron with a 
transition at an accessible optical wavelength. Excitation of this electron leads to autoionisation of the atom. Previ-
ously we have used the fact that the autoionisation spectrum is dependent upon the atomic state of the Rydberg atom 
to study the population transfer mechanics caused by the onset of plasma formation [3]. By translating a tightly 
focused autoionisation laser across the ensemble we have extended the technique to measure the spatial distribution 
of the Rydberg atoms. We present preliminary measurements of the 2D Rydberg state spatial distribution. 
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Olga Machtey, Zav Shotan, Noam Gross, and Lev Khaykovich

-
tions from the universal behavior are expected, and provide a quantitative study of this effect. Our measurements 

prediction. The result of a different experimental technique concurs with the rf association measurements. This 
technique explores secondary collisions of the dimer, formed in a three-body recombination, which cross-sections 

elastic and inelastic collisions of a dimer with trapped atoms based on the available analytical expressions for the 
cross-sections of these events. We show shift in the position of the secondary collisions’ enhancement for large 
collisional opacities. 
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model, which predicts a transition to a ferromagnetic state when the strength of the repulsive interaction exceeds 
the Pauli repulsion between identical fermions. Here we report on our studies of a quasi one-dimensional system 
of ultracold fermionic 6

-

nance. This allows us to create long-lived metastable states in which the energy of theinteracting spin ↑↓  system 
is larger than energy of the corresponding spin-polarized system. We probe the spin-spin correlations in the system 
by letting a fraction of the particles escape from the trap and measuring the total spin of the remaining ensemble. 

-
tems created by the spilling process, which signals the appearance of ferromagnetic correlations. 
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We consider a system of three helium-4 atoms, which is so far the simplest realistic three-body system exhibit-

calculate the bound states using a realistic two-body potential, and then analyse how they can be reproduced by 

body levels is found to be consistent with recent   experimental observations in other atomic species.
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This project investigates the properties of fermionic molecules 87Rb40K, including (i) its formation from a mixed 
gas of bosonic 87Rb and fermionic 40 -
tion, which sheds light on both the formation and decay processes of the fermionic molecules. We mainly approach 

87Rb) and two fermions (40

a harmonic trap using a standard correlated-Gaussian basis throughout the range of a broad Fano-Feshbach reso-
nance. We also perform hypherspherical correlated-Gaussian calculation of the adiabatic hyperspherical potential 
curve describing the bose-fermi mixture system at various scattering lengths. The single channel calculation and 
multi-channel calculation provide effective dimer-atom scattering lengths and trimer-atom scattering lengths as 
well as the dimer-dimer scattering phase shift.The avoided crossings in the hyperspherical potential curves of 
the few-body system enables an interpretation of the scattering dynamics of the bose-fermi mixture system. This 
single- and multi-channel scattering calculation shows agreement with the zero-range potential calculation in a 
harmonic trap [1, 2]. 
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-

near a superconducting Nb disc with cold Rb atoms. When a superconducting disc in a pure state is exposed to a 

and atoms released in the potential are temporally accumulated near the surface. When the disc temperature is set 
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We present experimental results and theoretical predictions of magneto-optical resonances changing from 
bright to dark resonances as a result of temperature changes when excited by circularly polarized light at the D2 
transition of rubidium in natural mixture [1]. As the temperature was increased, the contrast of the bright resonance 
decreased until the bright resonance disappeared at around 400C. At this temperature, the optical depth traversed 
by the laser beam in the 25-mm-long cell was ~ 0.39. At higher temperatures, a dark resonance was observed, and 
its contrast grew with increasing temperature. The change from bright to dark resonance around an optical depth 
of 0.66 is probably related to reabsorption. With each reabsorption cycle, information about the original coherent 

although the resonance remained dark over the entire range of accessible temperatures.
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spectra of Na atoms
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[1]. Sodium 3S ,F ″ = 1,2 3 1 2
1 2
S F/ , ′′ = ,  and 3 1 2

1 2
P F/ , ′ = ,

S

3 1 2 7
1 2 3 2
P F D/ /, = , →  transition. The excitation spectrum of the 7D  state shows the presence of an intense main 

S shifts the the side-peaks further apart, while 
the position of the main peak is hardly affected. These observations are explained in the dressed-state formalism; 

F ″ = 1 or F ″ = 2 component of the ground state is coupled to the two 
′ = ,F 1 2  levels of 3P . We show that the such system exhibits a visible “gray” state whose eigenvalue is weakly 

S S.  
We acknowledge support by the EU FP7 Centre of Excellence project FOTONIKA-LV and IRSES Project 

COLIMA. 
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by the application of composite pulse sequences. By making suitable choices for the phases of the constituent 
pulses, we suppress excitation channels even when the couplings between the corresponding states are different 
from zero. Compensation with respect to deviations in polarization, pulse area, and detuning are demonstrated. 
The accuracy of the proposed technique, its experimental feasibility, and its robustness make it suitable for various 
physical applications in quantum information processing and quantum optics. 

Wenhua Hai, Kuo Hai, and Qiong Chen

Department of Physics, Hunan Normal University, Changsha 410081, China

For a single particle held in a bipartite superlattice with two different separations and under a external driving 
of arbitrary shape, we construct analytical solutions in the nearest-neighbour tight binding approximation, through 
a discrete Fourier transformation. By optimally designing the driving shapes, the analytical solutions are adopted 
to quantitatively describe and control transport characterizations of the particle. Take the biperiodic driving, Rosen-
Zener pulse and Gaussian pulse as examples, the selective coherent destruction of tunneling (SCDT) and dynamic 
localization are found, which are applied to coherent manipulations of the directed motion and Rabi oscillation. The 
results could be extended to few-particle case and are useful for transporting quantum information carried by the 
particles in a bipartite superlattice material or a bipartite optical lattice.
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Radiative decay from the excited 1P1 state to metastable 3P2 and 3P0 states is expected to limit the attainable 
trapped atomic population in a magneto-optic trap of ytterbium (Yb) atoms. In experiments we have carried out 
with optical repumping of 3P0,2 states to 3P1, we observe an enhanced yield of trapped atoms in the excited 1P1 state. 
The individual decay rate to each metastable state is measured and the results show excellent agreement with the 
theoretical values.
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The coupled-cluster theory is one of the most reliable quantum many-body theory [1]. In the present work, 
we have developed perturbed relativistic coupled-cluster (PRCC) theory [2] to incorporate the effect of external 

singles and doubles cluster operators are derived and the contributing diagrams are examined. These diagrams are 
further evaluated using angular momentum algebra. The PRCC operators, obtained by solving the coupled non-
linear equations, are then used for the dipole polarizability calculation of closed-shell systems. In this poster, we 
will present results of electric dipole polarizability of noble gas atoms using the PRCC theory. 
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-
ing the long-standing question of what is the mechanism underlying wall-collision induced relaxation and renew interest 
in applications of alkali vapor cells to secondary frequency standards. We measure the Zeeman relaxation time, and the 
width and frequency shift of the clock resonance, in 85Rb and 87Rb vapor cells with alkene anti-relaxation coating. in paraf-

relaxation mechanisms of alkene and alkane cell-wall coatings. 
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The use of superconductors in atom chips is a recent development, presenting new opportunities for atom optics [1, 

-
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In optomechanics, laser light is used for cooling and control of the vibrations of micromechanical oscillators, 
with many similarities to the cooling and trapping of atoms. It has been proposed that laser light could also be used 
to couple the motion of atoms in a trap to the vibrations of a mechanical oscillator [1]. In the resulting hybrid opto-
mechanical system the atoms could be used to read out the oscillator, to engineer its dissipation, and ultimately to 
perform quantum information tasks. 

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

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

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

021803 (2010). 
[2] S. Camerer, M. Korppi, A. Jöckel, D. Hunger, T. W. Hänsch, and P. Treutlein, Phys. Rev. Lett. 107, 223001 (2011). 

 Tu-208 Beyond atomic physics…

nanomembranes

A. G. Kuhn1,*, T. Antoni1,2, K. Makles1, E. van Brackel1, L. Neuhaus1, J. Teissier1,  
S. Deléglise1, T. Briant1, P.-F. Cohadon1, and A. Heidmann1

 
2. Laboratoire de Photonique et Nanostructures, CNRS, Marcoussis, France  

*aurelien.kuhn@spectro.jussieu.fr 

Reaching the quantum ground state of a macroscopic mechanical object is a major experimental challenge in 
physics, at the origin of the rapid emergence of cavity optomechanics. We developed a new generation of opto-
mechanical devices, either based on microgram 1-mm long quartz micropillar with very high mechanical quality 
factor (106) [1], or on 100-pg photonic crystal suspended nanomembranes [2]. Both are used as end mirror in a 

of the resonator displacement. We expect to reach the ground state of such optomechanical resonators combining 
cryogenic cooling with a dilution fridge at 30 mK and radiation-pressure cooling [3]. We already carried out a 
quantum-limited measurement of the micropillar thermal noise at low temperature, and the cold damping of the 
nanomembrane. 
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The equilibrium characteristic of gravitational systems is theoretically well established. For example it has been 
shown that particular phase transition occurs in the presence of non-additive long range interaction. In this context 
microcanonical and canonical ensembles are not anymore equivalent.  This situation is in striking contrast with the 
experimental side of the subject where there is, so far, no controllable experimental system. We have recently show 
some experimental evidences of a gravitational-like interaction on an one-dimensional test system consisting in a 
cold gas of neutral Strontium atoms. For that purpose, two counter-propagating laser beams are tuned on the nar-

2 law and the 
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Towards room-temperature electron spin detection in 
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We report on recent progress of room-temperature electron spin sensing for biological applications using nitro-
gen-vacancy (NV) centers in diamond. Room-temperature detection of a small number of electron spins, situated 
outside the measurement substrate, has yet to be accomplished. Such an advance could lead to a number of applica-
tions, including measurement of concentrations of radicals in living cells, detection of magnetic resonance signals 
from individual electron or nuclear spins of complex biological molecules, and monitoring the ion channel function 
across cell membranes (important for exploring drug delivery mechanisms). Thus, the ability to measure magnetic 

be of major importance to the biological sciences.
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We present an in situ beam characterization technique to analyze femtosecond optical beams in a folded version 
of a 2f-2f setup [1]. This technique makes use of a two-dimensional spatial light modulator (SLM) to holographi-
cally redirect radiation between different diffraction orders. This manipulation of light between diffraction orders 
is carried out locally within the beam. Because SLMs can withstand intensities of up to I  1011 2, this makes 

-

by holographically knife-edging and tomographically reconstructing both continuous wave and broadband radia-
tion in transverse optical modes. This work was supported by the Robert A. Welch Foundation (grant No. A1546) 
and the National Science Foundation (grant No. 0722800).
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Photoelectron yields from the ionization of xenon with linearly polarized, unchirped 50 fs laser pulses were 
measured for a set of laser intensities using an above threshold ionization (ATI) [1] apparatus. All laser parameters 
other than the radiation intensity were held constant over the set of intensity measurements. A recently developed 
deconvolution algorithm was used to retrieve the photoelectron ionization probability from spatially averaged data 
in three dimension. Finally, an error analysis was performed to determine the stability and accuracy of the algorithm 
as well as the quality of the data. It was found that the algorithm produced greater contrast for peaks in the ATI spec-

ionization was observed in the ionization yields. The error analysis revealed that the algorithm was stable under 
the experimental conditions for a range of intensities. This work was supported by the Robert A. Welch Foundation 

(W911NF-07-1-0475).

Reference 
[1] G. G. Paulus, W. Nicklich, Huale Xu, P. Lambropoulos, and H. Walther, “Plateau in above threshold ionization spectra”, Phys. 

Rev. Lett. 72, 2851–2854 (1994).



simulation

Kazuhide Ichikawa, Masahiro Fukuda, and Akitomo Tachibana*

Department of Micro Engineering, Kyoto University, Kyoto 606-8501, Japan  
*akitomo@scl.kyoto-u.ac.jp 

Simulations of time evolution of the quantum system involving light and matter are so far performed using the 

-

to the perturbative approach. We believe such a theoretical technique opens up a way to study and predict new phe-
nomena. Rigged QED [1] is a theory which has been proposed to treat dynamics of charged particles and photons 

time evolution of the quantum system employing Rigged QED. We found “electron-positron oscillations” in the 
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above-threshold ionization (ATI) in laser-irradiated carbon molecule 
of fullerene C60 is addressed theoretically within the velocity-gauge (VG) formulation of molecular  
approximation (SFA) [1]. Our VG-SFA results demonstrate a high suppression of ATI peaks in two different (viz., 
in low-energy and high-energy) domains of calculated molecular photoelectron spectrum and two respective pro-
nounced interference minima both arising due to destructive intramolecular (multislit) quantum interference. The 
applied approach also suggests quite a clear and transparent interpretation for the physical mechanism underlying 
the phenomenon of high suppression in C60
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Propagation of elliptically polarized light pulses under the coherent population trapping (CPT) in a medium 
of two-level atoms with degenerate energy levels is studied. Theoretical analysis is based on the density matrix 
formalism and the reduced Maxwell’s equation. It is shown that the pulses of ellipticity and orientation angle of 
the polarization ellipse travel with delay. We derive the analytical expression for a group velocity for all possible 
“dark” transitions Jg e = J (J is integer), where Jg and Je are the total angular momentum of atomic ground and 
excited states. In addition, the new interesting effect is revealed. The sense of the effect consists in stimulated phase 
modulation due to variation of the polarization ellipse spatial orientation. This phase modulation includes two light 

in sync with the pulse of the orientation angle.
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The robustness of cohenrent nuclear spin superposition was to be tested experimentally under electromag-
87 atoms in |1S0 F

|1S0 F
3P1 F

planned to be measured in the experiment. A numerical semi-classical approach to solve the distribution of atoms 
[2] under the previous set-up was performed so as to provide an insight to the situation where a minority of ‘impu-
rity’ Sr87 atoms in different spin states existed, resulting in low temperature collisions in the cloud. Such impact in 
spin coherence of the atom cloud was to be investigated through the simulation. 
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[2]  T. Lepers, D. Davesne, S. Chiaccheira, and M. Urban, “Numerical solution of the Boltzmann equation for the collective 

modes of trapped Fermi gases,” Phys. Rev. A., vol. 82, p. 023609, 2010. 



Other Tu-217 277

Kallol Roy1,*, Biswajit Das2, R. Srikanth3, Bimalendu Deb2, and T. Srinivas1

 
2. Department of Materials Science, Indian Association for the Cultivation of Science, Kolkata, India  

 
*kallol@ece.iisc.ernet.in 

Decoherence of central spin S I spins leads to loss quantum property of 
central spin. The coupling between different central spins S and intrabath coupling is neglected. We apply spin 

i at time ti and � i}. We use controlled randomness in dynamical decoupling for switching off unwanted 
evolution in interacting quantum systems by proposing a random decoupling setting that uses a random decoupler 

random control path. 
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Quantum particles around near-black hole objects: 

resonant particle capture, spectrum collapse, and the 

smooth transition to black hole absorption
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es with radius R that slightly exceeds the Schwarzschild radius rs -

R rs. The cross-section of 
particle capture into these resonances at low energy is equal to the absorption cross-section for a Schwarzschild 
black hole; thus, a non-singular static metric acquires black-hole properties before the actual formation of a black 

R rs 
all bound states tend to zero energy and the energy spectrum becomes quasi-continuous. However until there is a 
singularity in the metric, there are no zero-energy states, and hence no pair production occurs in these systems. 
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Adiabatic evolution of light in parallel curved optical waveguide array is theoretically investigated. For two 
waveguides it has been demonstrated in [1]. This problem is shown to bear a close connection with coherent popu-
lation transfer in a “bow-tie” model for atoms and molecules. For the presented models complete light transfer 
between the outer waveguides is achieved, and the respective conditions of validity are given. These conditions 
impose certain restrictions on the geometry of the waveguides and on the optical properties of the system. The case 
of three waveguides is analysed using the solutions of the well known bow-tie model. For the case of more than 
three waveguides the system can be reduced to a number of three-level waveguide sub-systems. The latter is illus-

for complete light transfer. 
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increasing the detection energy. This behavior is explained by the fact that the splitting is essentially due to the 
anisotropic shape in this quantum ring [1]. Symmetry of the QR structures as well as its breaking cause character-
istic features in the optical spectra, which are determined by the electron –hole exchange and the Zeeman interac-
tion of the carriers. The symmetry breaking is either inherent to the dot due to geometry asymmetries, or it can be 
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