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Experimental demonstration of a 12-meter atomic fountain
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Atomic fountains with launch height less than one meter are widely used in atomic frequency standards and
atom interferometers. One of the key parameters of fountain type atom interferometer is the free evolution time
between Raman pulses. Longer falling time is better for improving the accuracy of an atom interferometer [1]. For
this purpose, large size atomic fountain is necessary for precision measurements based on atom interferometers. We
experimentally constructed a 10-meter atom interferometer, and observed the time of flight signals with different
launch velocities [2]. Recent data shows that, the maximum launch velocity can be 13.91 m/s, and the correspond-
ing fountain height exceeds 12 m and the free evolution time for fountain type atom interferometer is up to 1.50 s.
The temperatures and cold atom numbers of different fountain heights were measured, and the experimental data
are agreed well with theoretical expectation.
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Exact and asymptotic lineshape expressions are derived from the semi-classical density matrix representation
describing a set of closed three-level A atomic or molecular states including decoherences, relaxation rates and
light-shifts [1]. An accurate analysis of the exact steady-state Dark Resonance profile leads to the linewidth expres-
sion of the two-photon Raman transition and frequency-shifts associated to the clock transition. From an adiabatic
analysis of the dynamical Optical Bloch Equations in the weak field limit, a pumping time required to efficiently
trap a large number of atoms into a coherent superposition of long-lived states is established. When time separated
resonant two-photon pulses are applied in the adiabatic pulsed regime where the first pulse is long enough to reach
a coherent steady-state preparation and the second pulse is very short to avoid repumping into a new dark state,
Dark Resonance fringes mixing continuous-wave lineshape properties and coherent Ramsey oscillations are cre-
ated. Those fringes allow interrogation schemes bypassing the power broadening effect. We point out that different
observables experience different shifts on the lower-state clock transition.
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Atom interferometry in an inductively coupled ring trap
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Atom interferometry offers significant benefits to the field of precision metrology due to the sensitivity to ex-
ternal electromagnetic fields and inertial forces, whilst permitting significantly longer interaction times compared
to optical sensors. We report on experimental progress towards realising atom interferometry in a novel toriodal
ring trap for ultracold atomic gases [1]. The time-averaged trapping potential is formed by applying a uniform a.c.
magnetic field to induce an opposing current in a conducting ring. This resolves the issue of perturbations due to
electrical connections and benefits from time averaging of corrugating potentials due to current meandering.

We present a characterisation of of the time-averaged potential for a laser cooled cloud in a 5 mm ring trap, and
present the status of a second generation apparatus to use Bose (*’Rb) and Fermi (*’K) degenerate gases for Sagnac
interferometry within a ring trap of radius 2 mm.
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[1] P. F. Griffin, E. Riis and A. S. Arnold, Smooth inductively coupled ring trap for atoms, Phys. Rev. A 77, 051402(R) (2008).
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High data-rate atom interferometer accelerometers and
gyroscopes
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Atom interferometer (Al) accelerometers and gyroscopes are poised to significantly advance applications in
inertial navigation, seismic studies, gravimeter surveys, and tests of fundamental physics. A key advantage of Al
systems over competing technologies is their inherent capability for long-term stability and intrinsic calibration.
However, in their current form, Al systems are ill-suited to complement or replace the leading technologies in the
more dynamic of these applications due to their relatively large size and low operating rates, which are on the order
of one Hertz.

We demonstrate a compact Al accelerometer operating at rates between 50 and 330 Hertz, roughly two orders
of magnitude higher than any other published Al accelerometer, achieving sensitivities on the order of ng/ VHz [1].
This operating rate, sensor size, and sensitivity level open the door for Al systems to be considered suitable for ap-
plications in highly dynamic environments. We are currently working towards a dual accelerometer/gyroscope Al
system, allowing simultaneous acceleration and rotation measurements, which is projected to have operating rates
and sensitivities suitable for dynamic environments.

Reference
[1] H. J. McGuinness, A. V. Rakholia, and G. W. Biedermann, “High data-rate atom interferometer for measuring acceleration”,
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A clock referenced to a particle’s mass; defining the
kilogram in terms of the second
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What is the simplest system that can mark the passage of time? Massless particles move at the speed of light, ¢
and thus do not experience time. A single particle with nonzero rest mass m,, however, can. Relativity and quantum
mechanics relate its mass, energy E, and the reduced Planck constant # as E=m,c’=hwo,. This formally defines a
Compton frequency w,[1], but it has never been directly demonstrated that Compton frequency oscillations are
physically meaningful - e.g., by using them as the basis for a clock. Combining an atom interferometer and a fre-
quency comb, here we present a clock stabilized to a fraction of Compton frequency. By measuring the Compton
frequency of an atom, our experiment measures its mass, and makes possible a quantum definition of the kilogram.
This could be used to produce a macroscopic mass standard of superior accuracy and repeatability which is directly
linked to the second by assigning a fixed value to 7.
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Testing Einstein’s equivalence principle with a lithium
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Measurements of the acceleration due to gravity for bodies of differing composition have long been used to
test Einstein’s equivalence principle underlying general relativity. A °Li-’Li matter wave interferometer test of EEP
would have high sensitivity to new physics because of the relatively large difference between ’Li nuclei [1]. An
optical lattice will be loaded from a dual species 2D/3D-magneto-optical trap. The lattice will then be employed
both as a waveguide to prevent atom losses due to the high thermal velocity of Li, and as large momentum transfer
beam splitters in analogy to the Bloch-Bragg-Bloch beam splitters developed by us [2]. We anticipate an accuracy
of 10" g for the differential acceleration measurement. We discuss investigations of novel all-optical sub-doppler
cooling of lithium as well as progress towards a demonstration of the first ultracold lithium interferometer.
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A tunable *K BEC for atom interferometry
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We present our recent progresses towards the realization of an atomic double well interferometer employing
a Bose-Einstein condensate of *?’K with tunable interactions. The tunability of interactions, guaranteed by several
wide Feshbach resonances available for this particular atomic species, will enable us to create squeezed states to
be fed at the interferometer input as well as to operate the interferometer in absence of interactions. The former
ability will allow us to reach sub-shot noise resolutions and the latter to avoid interaction induced decoherence. We
achieved condensation of *’K for the first time without the help of any coolant thanks to the recent demonstration of
sub-Doppler cooling for this species [1] and the employment of Feshbach assisted evaporation in an optical dipole
trap. Pure condensates containing up to 8 x 10° potassium atoms can be prepared in less than 20 seconds in a science
chamber with large optical access. The double well is under development and will be realized by employing an opti-
cal superlattice generated by the interference of two pair of bichromatic beams with 1064 and 532 nm wavelengths.
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Observation of free-space single-atom matterwave
interference
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We observe matterwave interference of a single cesium atom in free fall. The interferometer is an absolute sen-
sor of acceleration and we show that this technique is sensitive to forces at the level of 3.2 x 10?7 Newtons with
a spatial resolutionat the micron scale. We observe the build up of the interference pattern one atom at a time in
an interferometer where the mean path separation extends far beyond the coherence length of the atom. Using the
coherence length of the atom wavepacket as a metric, we directly probe the velocity distribution and measure the
temperature in 1-D of a single atom in free fall.
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Local gravity measurement with the combination of atom
interferometry and Bloch oscillations
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Gravimeters based on atom interferometry have shown impressive results (sensitivity ~ 107® g.Hz "2 ) but need
a falling distance of at least 7 cm, preventing them from being miniaturized and making local gravity measurement.
Atomic gravimeters based on Bloch oscillations or based on suspension of atoms using optical pulses can measure
gravity with an interaction distance of a few micrometers but the performance (sensitivity ~ 10”7 g in one hour) is
reduced compared to gravimeters based on atom interferometry.

We present an atom gravimeter combining atom interferometry and Bloch oscillations. This scheme allows us
to associate the sensitivity provided by atom interferometry and the locality provided by Bloch oscillations. With a
falling distance of 0.8 mm, we achieve a sensitivity of 2 x 10”7 g with an integration time of 300 s. No bias associ-
ated with the Bloch oscillations has been measured. A contrast decay with Bloch oscillations has been observed and
attributed to the spatial quality of the laser beams. A simple experimental configuration has been adopted where
a single retroreflected laser beam performs atom launches, stimulated Raman transitions, and Bloch oscillations.
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Kapitza-Dirac diffraction with quantum prepared initial
states for two-bunch atom interferometry

Lilit Hovhannisyan and Gevorg Muradyan*

Department of Physics, Yerevan State Univeristy, Yerevan, Armenia
*amurad@ysu.am

The problem of resonant Kapitza — Dirac diffraction is discussed in Raman — Nath approximation out of fa-
miliar Bessel function approximation (applicable for zero and large resonance detuning cases). We show that in
case when the initial atomic momentum state is prepared in a form of discrete Gaussian distribution, instead of a
monotonic broadening within the Bessel function approximation, the initial distribution splits into two identical
peaks. These peaks, keeping their form, symmetrically move away from the distribution center during interaction
time. We also discuss conditions under which is possible to obtain a table-shaped form for momentum distribution,
which is a strongly recommended distribution in high resolution spectroscopy in optics.
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Detection of the He-McKellar-Wilkens geometric phase by
atom interferometry
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We present the first experimental detection of a geometric phase, predicted by He and McKellar and by Wilkens
in 1993 [1]. This phase, closely related to the Aharonov-Bohm and the Aharonov-Casher phases, appears when an
electric dipole d propagates with a velocity v in a magnetic field B and this phase is proportional to d.(vxB). In
order to observe this phase with an atom interferometer, we must polarize the atom using different electric fields
on the two interfering paths: this is possible in our experiment because a thin electrode (a septum) can be inserted
between the two interferometers arms. With our arrangement, the He-McKellar-Wilkens phase shift is small, about
20 mrad: its detection has been possible thanks to the high sensitivity of our atom interferometer, to a new data
recording procedure cancelling phase drifts and to a detailed analysis of stray phases. The measured value is in good
agreement with theory [2].

References
[1] X.-G. He and B. H. J. McKellar, Phys. Rev. A 47, 3424 (1993).
M. Wilkens, Phys. Rev. Lett. 72, 5 (1994).
[2] S. Lepoutre, A. Gauguet, G. Trénec, M. Biichner, and J. Vigué, submitted to Phys. Rev. Letters.
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Atom interferometry with an optically pumped lithium
beam
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The He-McKellar-Wilkens (HMW) topological phase [1] appears when an electric dipole travels though a mag-
netic field and its detection requires an atom interferometer with separated paths [2]. In such a high precision atom
interferometry experiment, a weak gradient of the magnetic field induces spurious phases, which are difficult to
interpret because the signal is the sum of the contribution of all the magnetic sub-levels of the atom ground state but
we can simplify considerably the interpretation of the experiments by pumping the lithium beam in a single F,m;
sub-level. We have chosen to pump the atoms in the F=2, m.=+ 2 (or —2) sub-level by using two lasers on com-
ponents of the D, line. We have characterized the pumped beam by optical spectroscopy and by an interferometric
method. In this last case, a magnetic field gradient is applied on the interferometer arms and the fringe visibility and
phase shift are measured as a function of the applied gradient: the observed variations are connected to the atom
distribution over the F,m; sub-levels. We will present our experimental results and we will discuss the use of the
pumped beam for a new measurement of the HMW phase.

References
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Clock laser system for a new implementation of the
indium-ion optical clock
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Exceptional fractional frequency uncertainty of parts in 10-'® has been reported using ?’Al" in a single-ion
optical clock [1]. Here we investigate another promising ion candidate; indium ('*In*) which, like *’Al", has small
blackbody radiation shift compared to other neutral and ionic clock candidates. Although current techniques using
indium have been unable to reach this level of performance, recently proposed new implementations [2] indicate
this exceptionally low uncertainty is attainable. This new approach sympathetically cools an indium ion using
laser-cooled Ca* ions, and detects the clock transition by electron shelving using CW light at the 'S-*P, transition
(230nm, 360kHz), or using the 'S,-'P, transition (159nm, ~200MHz) by pulses prepared by high harmonic genera-
tion. Of critical importance is the 237nm clock laser, which must be stable in frequency for over 100 seconds during
the long diagnosis period. We report details of the 237nm radiation generated by two-stage frequency doubling of
an amplified extended-cavity diode laser at 946nm locked to a rectangular ULE cavity of length 150mm and having
low sensitivity to vibration.
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Towards a laser at 729 nm with hertz-level linewidth
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We report progression in the reduction of the linewidth of a lab-built Ti Sa laser at 729 nm, with the goal to
realize an atomic frequency standard at this wavelength by locking a local oscillator on a forbidden transition in
an rf trapped calcium ion. Recent results have been obtained by using the Pound-Drever-Hall technique to lock
the frequency of this laser radiation on the fringe of an ultra-stable Fabry-Perot cavity [1] with a finesse superior
to 140.000. In order to assure short- and mean-term frequency stability this cavity has to be maximally decoupled
from its environment by several stages of vibrational and thermal isolation. The fast linewidth of the laser radiation
is estimated from the recorded error-signal with respect to the reference cavity. Future steps will also be presented.

Reference
[1] D. Guyomarc’h et al., “Some aspects of simulation and realization of an optical reference cavity”, Phys. Rev. A 80, 063802
(2009).
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Experiments on optical lattices for ytterbium optical
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We have done experiments on laser cooling and trapping of ytterbium atoms for developing an ytterbium opti-
cal clock. The experimental setup includes lasers with wavelengths of 399 nm for the first-stage cooling, 556 nm
for the second-stage cooling and 759nm for an optical lattice. The temperature and number of cold ''Yb atoms in
399-nm MOT were 2 mK and 107 respectively. After one second, we turned off the 399-nm MOT and simultane-
ously turned on the 556-nm MOT. By optimizing the various experimental parameters, we can load the 50% atoms
from the 399-nm MOT into the 556-nm MOT. MOT. The temperature of '’'Yb atoms is about 10 4K with 10° atoms.
Finally, we have successfully loaded the cold 7'Yb atoms into an optical lattice with a wavelength of 759 nm. The
lifetime and temperature of atoms in the optical lattice are measured. Now we are going to observe the 'S, — *P,
clock transition by using the ultra narrow laser, developing an ytterbium optical clock.
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Spin waves and collisional frequency shifts of trapped-
atom clocks

W. Maineult!, C. Deutsch?, K. Gibble?, J. Reichel?, and P. Rosenbusch'-*

1. LNE-SYRTE, Observatoire de Paris, CNRS, UPMC, France
2. LKB, Ecole Normale Supérieure, CNRS, UPMC, France
3. The Pennsylvania State University, USA
*Peter.Rosenbusch@obspm.fr

We simulate the collisional frequency shift of optical lattice clocks based on fermions using a trapped atom
clock on a chip [1]. At ultra-low temperatures, Pauli exclusion forbids collisions of identical fermions, making
fermions ideal candidates for future atomic clocks and other precision measurements. But, s-wave interaction can
occur when excitation fields are inhomogeneous. We observe for the first time a novel dependence of the transition
frequency on the area of the 2™ pulse in Ramsey spectroscopy. We show that the fermion clock shift is inextricably
linked to spin waves — whenever there is a fermion clock shift, spin wave are excited. We study the hyperfine transi-
tion of magnetically trapped 87Rb, which simulates fermions because all of its scattering lengths are nearly equal.
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Evaluation of the dynamic correction to the black-body
radiation clock shift in Yb
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We evaluate the dynamic correction to the black-body radiation (BBR) shift of the 6s” 'S, — 6s6p P, optical
clock transition in Yb. This complements recent work in our laboratory which accurately characterized the BBR
clock shift within the “static” approximation—i.e., wherein subtle effects of the spectral distribution of the ther-
mal radiation are neglected. En route to this result, we identify a standing 3¢ theory-experiment disagreement for
the 6s6p P —5d6s°D, electric dipole matrix element, which plays a key role in the dynamic correction. This
discrepancy has prompted us to independently determine this matrix element by two separate means. Firstly, we
extract the matrix element by utilizing a combination of accurate experimental parameters including the magic
wavelength and the static Stark coefficient associated with the clock transition. Secondly, we perform a measure-
ment of the 5d6s°D, radiative lifetime with Yb atoms confined in an optical lattice. Our results for this matrix
element obtained by these two methods are in agreement with one another, and largely validate the prior theoreti-
cal value. With this matrix element, we are able to determine the fractional clock shift to well below 1 x 1077 for
operation in a BBR environment at 300 K.
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Comparison of two state-of-the-art Strontium optical
lattice clocks
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For the first time, two state-of-the-art optical lattice clocks are compared, this is the final step necessary to
demonstrate that this new generation of frequency standards is now fully reliable and lives up to expectations. We
present the preliminary results showing a good agreement between our two Strontium clocks within their accuracy
budget (1.4 x 10716),

In particular, we present in-depth studies of the trapping effects. First the calibration of the residual first order
light shift [1] is detailed. Secondly, we report on the second order lattice effects, observed with an unprecedented
resolution due to the high depth of our lattices (5000 recoils).

Finally, we compared the strontium clocks to 3 microwave fountains, thus giving the clock transition absolute
frequency to an accuracy of 4 x 107'¢ limited by the fountains. These measurements improve also by a factor 10 the
bounds on the variation of fundamental constants given by Sr vs Cs comparisons.
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[1]P. G. Westergaard and J. Lodewyck and L. Lorini and A. Lecallier and E. A. Burt and M. Zawada and J. Millo and P. Lemonde,
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Development of cesium atomic fountains at NMIJ
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The recent progress in our cesium atomic fountains at National Metrology Institute of Japan (NMIJ) is pre-
sented. We have developed three fountains; NMIJ-F1, NMIJ-F2, and a truncated atomic beam fountain. NMIJ-F1
has been the primary frequency standard with uncertainty of 4 x 10-'* since 2004. So far, we have reported the data
to Bureau International des Poids et Mesures (BIPM) 29 times by operating NMIJ-F1 due to the progress in the
stability and the reliability of the whole system. For last one year, the operation of NMIJ-F1 has stopped due to the
huge earthquake and depletion of a cesium reservoir. Currently, we are working to restart NMIJ-F1. The second
fountain, NMIJ-F2, is under construction to achieve less than 1 x 107" in uncertainty. NMIJ-F2 has the microwave
cavities which are part of the vacuum vessel [1]. Moreover, the power of cooling beams for an optical molasses
reaches 100 mW per beam. In addition, we proposed the truncated atomic beam fountain to achieve both a low col-
lisional frequency shift and high frequency stability [2].

References

[1] S. R. Jefferts, R. E. Drullinger, and A. DeMarchi, “NIST cesium fountain microwave cavities,” in Proceedings of the 1998
IEEE International Frequency Control Symposium, pp. 6-8 (1998).

[2] A. Takamizawa, Y. Shirakawa, S. Yanagimachi, and T. Ikegami, “Proposal of a truncated atomic beam fountain for reduction
of collisional frequency shift,” Phys. Rev. A 82, 013632 (2010).

Th-020 Precision measurements. ..

Start shift of the vibrational transition frequencies of
40CaH* molecular ions induced by Raman lasers
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Measurement of the X' (v,N) = (0,0)-> (1,0),(2,0),(3,0),(4,0) transition frequencies of “*CaH" molecular ions in
a string crystal are the promising method to test the variance in the proton-to-electron mass ratio. These molecular
ions are advantageous to be produced and localized to a single (v,V,F) state, because there is no hyperfine splitting
in the N = 0 state. The frequency uncertainty is dominated by the statistic uncertainty and the Stark shift induced by
the probe laser [1]. In this paper, we consider the case that the vibrational transition is induced by Raman transition.
The Stark shift with a given Rabi frequency is minimum when the power densities of two Raman lasers are equal.
It is also shown that the Stark shift with the saturation power density is lowest for the (v,N) = (0,0)-> (1,0) transi-
tion and it is much higher for overtone transitions. Considering also the statistic uncertainty, (v,N) = (0,0)-> (1,0)
transition is most advantageous for precise measurement.

Reference
[1] M. Kajita et al., “Estimated accuracies of pure XH" (X: even isotope of group II atoms) vibrational transition frequencies:
toward the test of the variance in m,/m, ”, J. Phys. B 44, 025402 1-7 (2011).
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High precision calculations of symmetry violating
interactions in atoms and molecules
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It is postulated that the elementary particles such as electrons and quarks possess an intrinsic property known
as the electric dipole moment (EDM), the non-zero existence of which requires a simultaneous violation of both
parity and time-reversal symmetries. It implies, on assuming CPT invariance, an associated CP-violation and the
latter holds an invaluable key for the understanding of the observed matter-antimatter asymmetry in the Universe.
The intrinsic EDMs of these particles and their symmetry violating interactions manifest in enhancing the EDM
for atoms and molecules. We have performed several high precision calculations on the EDM enhancement factors
of the heavy paramagnetic atoms such as, Rb, Cs and T1 [1]. We have also developed, recently, the state-of-the-art
relativistic general-order coupled-cluster program for the high precision calculations of various symmetry violating
interactions in atoms and molecules. The details of the calculations together with the summary of the latest results,
mainly for Fr and YbF will be presented in this conference.
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Proposal for a Bell inequality test with colliding
condensates
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We present results of a theoretical proposal to test a Bell inequality with particles of non-zero mass. Using a pair
of colliding Bose-Einstein condensates we produce correlated atoms by the process of spontaneous four-wave mix-
ing [1]. Applying experimental tools of atom-optics, such as Bragg diffraction, we are able to create an analog of the
Rarity-Tapster two-particle interferometry experiment [2] with massive particles. Analytical models and numerical
simulations are found to predict a successful violation of a CHSH version of Bell’s inequality in experimentally
accessible parameter regimes. The violation is restricted to small occupations of the scattered modes and assumes
high-efficiency atom detection.
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Investigation of ac-Stark shifts in excited states of
dysprosium in support of a sensitive search for temporal
variations in the fine-structure constant
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Throughout the past several years our group has been engaged in radio frequency spectroscopy measurements
of transitions between two nearly degenerate states in dysprosium to search for changes in the fine-structure con-
stant a [1]. Here we present measurements of ac-Stark related systematics, potentially limiting our sensitivity. We
measured the reduced dipole matrix element connecting the two nearly degenerate states to be 18(2) [kHz cm/V]
and the effective contribution by other states to the ac-Stark shift to 4(3) [Hz cm?/V?]. Along with the known energy
structure we use the latter result to estimate black-body-radiation induced Stark shifts. We estimate that ac-Stark
related effects contribute to systematic uncertainties below the 100 mHz level, relating to a fractional sensitivity
better than ¢ /a =5-10""7 / yr.
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Influence of angular- and spin-coupling terms on high
precision calculations for lithium
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Improved nonrelativistic energy bounds for the low-lying states of lithium are presented using the variation-
al method in Hylleraas coordinates. For example, the nonrelativistic energies for infinite nuclear mass are [1]
—7.478 060 323 910 147(1) a.u. for 15?25 %S, —7.354 098 421 444 37(1) a.u. for 15?35 %S, —7.318 530 845 998 91(1)
a.u. for 1s?4s S, —7.410 156 532 652 4(1) a.u. for 1s?2p *P, and —7.335 523 543 524 688(3) a.u. for 15*3d °D. These
results represent the most accurate nonrelativistic energies in the literature. The completeness of the angular mo-
mentum and spin configurations is investigated and examples presented for the 2P and 3D states to demonstrate
the effect of differentcoupling schemes. In particular, the so-called second spin function (i.e. coupled to form an
intermediate triplet state) is shown to have no effect on the final converged results, even for the expectation values
of spin-dependent operators such as the Fermi contact term (but not higher-order perturbations). This resolves a
long-standing controversy concerning the completeness of the spin-coupling terms.

Research support by NSERC, SHARCNET, ACEnet, and the NNSF of China under Grant No. 10874133 are
gratefully acknowledged.
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Observation of the nuclear magnetic octupole moment of
3Yb from precise measurements of hyperfine structure in
the 3P, state

Alok K. Singh* and Vasant Natarajan
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Observation of the nuclear magnetic octupole moment and its influence on the hyperfine structure of atoms
has remained largely unexplored because of its weaker effect compared to the leading magnetic dipole and electric
quadrupole moments. However, the long lived *P, state in atoms such as Yb and several alkaline-earth metals,
with its large angular momentum, is a potentially useful probe to observe this moment [1]. We use dipole-allowed
transitions to pump atoms into the metastable *P,, and then measure the absolute frequencies of various hyperfine
transitions on the *P, — 35| line. We measure the frequencies with our well-developed technique of using a Rb-
stabilized ring-cavity resonator [2]. We obtain the hyperfine structure constants A (magnetic dipole) and B (electric
quadrupole) with two orders-of-magnitude better precision than previous values, and a 10% measurement of the
magnetic octupole constant C and this is the first observation of the magnetic octupole moment in this atom.
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High resolution spectroscopy of 1S-3S transition in
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The aim of our experiment is a new determination of the proton charge radius R, from high precision hydrogen
measurements. The proton is the simplest stable hadronic system and a precise knowledge of its properties has fun-
damental interests. Today the proton charge radius is determined by three different methods: low energy electron
scattering (R, = 0.895 (18) fim), hydrogen spectroscopy (R, = 0.8760 (78) fm) and muonic hydrogen spectroscopy
(R,=0.84184 (67) fm).

There is a clear discrepancy between the new value deduced from the muonic hydrogen spectroscopy and the
previous ones. The aim of our project is to measure the absolute optical frequencies of two transitions in hydrogen,
firstly the 1S-3S two photon transition [1] and, secondly, the 1S-4S two photon transition. For that, a new laser
source at 205 nm is developed at LKB. This radiation is generated by sum frequency. We are developing two sepa-
rate ring cavities (at 894nm and 266nm) whose optical paths overlap in a Brewster-cut BBO crystal. The objective
is to obtain 1 to 2 mW at 205 nm (1/896+1/266 — 1/205). I will present the latest development of the experiment.

Reference
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Slow and intense beams of YbF molecules
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Slow-moving, intense beams of YbF molecules have been created using buffer gas cooling and Stark decelera-
tion. In the buffer gas method hot molecules produced by laser ablation of a solid target thermalise with cold helium
buffer gas to a temperature of 4K. To make a beam, a flow of buffer gas is used so that as the molecules thermalise
they are also entrained in the flow. This method has been used to create pulsed beams of YbF containing 10'° mol-
ecules per steradian per pulse with a rotational temperature of 4K and a forward velocity of 200m/s. Further slowing
of the YbF beam can be achieved with Stark deceleration. In a travelling wave decelerator an electric field contains
the YbF molecules in a trap which travels with a velocity equal to the beam. The trap is then decelerated to reduce
the final velocity of the beam. We have used this in combination with a cryogenic pulsed gas source to decelerate a
beam of YbF from 300m/s to 276m/s [1].

Reference
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Improved measurement of the electron electric dipole
moment using YbF
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It is well known that the existence of an electron electric dipole moment (¢EDM) would violate time reversal
symmetry. The Standard Model predicts an eEDM less than 103 e.cm, however many popular extensions predict
values in the range 10* — 10 e.cm. Our experiment currently has the potential to measure eEDMs down to ap-
proximately 10 e.cm, making it a precise probe for T-violation and physics beyond the Standard Model.

We measure the eEDM by performing a type of separated oscillating field interferometry on a pulsed beam
of YbF. The molecules are prepared such that the molecular spin is oriented perpendicular to an applied strong
(10kV cm) electric field. The spin is then allowed to precess about the electric field axis over a 0.5ms interaction
period. We measure this angle of rotation, which is directly proportional to the eEDM.

We report our current technique in more detail and present our most recent world leading result [1].
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Development of Fr ion source with melting Au target for
electron EDM search
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A permanent electric dipole moment (EDM) in an elementary particle indicates the violation of the time-reversal (T)
symmetry, whose evolution mechanism is important to understand the baryon asymmetry in the universe. In paramagnetic
atoms, an electron EDM results in an atomic EDM enhanced by the atomic number Z. Francium (Fr, Z=87), which is
the radioactive element, has the largest Z in alkali atoms and has the large enhancement factor of around 900. Laser cool-
ing and trapping technique suppresses the systematic errors caused by the effects of v x E and inhomogeneous external
fields. The high intensity Fr source is requested for the high sensitivity EDM search. Therefore, we have newly developed
the high efficiency thermal ionizer for Fr ion production. We produce 2'°Fr (¢, = 3.2 min) with a nuclear fusion reaction
O +"7 Au —*'" Fr+5n using 100 MeV 'O beam accelerated by the AVF cyclotron. Produced Fr is released as a Fr ion
from heated Au target due to the effects of diffusion and surface ionization, and extracted in 5 kV electric field to transport
to an ion to atom converter. We have observed the drastically increase of the Fr extraction yield and the efficiency from
the ionizer when the Au target is melted.
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Trial of cold antihydrogen beam extraction from a cusp
trap for spectroscopic study of the ground-state hyperfine
splitting of antihydrogen atom
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The ASACUSA collaboration was succeeded in synthesizing cold antihydrogen atoms employing a cusp trap [1]. Al-
thoug the cusp trap is not optimized to confine antihydrogen atoms, its magnetic field configuration preferentially focuses
the low-field-seeking states of antihydrogen atom, which will results in the formation of a spin-polarized antihydrogen
beam. By analogy of classical Rabi method, the ground-state hyperfine splitting of antihydrogen atom can be analyzed by
such extracted antihydrogen beam together with a microwave cavity and a sextupole magnet in order to make a stringent
test of the CPT symmetry. We recently obtained candidate signals from extracted cold antihydrogen beam, which has been
making a path to realize the above measurement.
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Resonant quantum transitions in trapped antihydrogen
atoms
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Cold antihydrogen has been produced and, since 2010, trapped by the ALPHA (Antihydrogen Laser Phys-
ics Apparatus) experiment [1]. The antiatoms have been confined in the ALPHA magnetic trap for at least
1000 seconds [2], enabling further studies, including microwave and laser spectroscopy. Recently, microwave
experiments have been carried out with antihydrogen inducing magnetic resonance transitions between hyperfine
levels of the positronic ground state [3]. Such transitions lead the antiatom to be ejected from the magnetic trap.
After applying radiation, the number of the antiatoms remaining in the trap were counted. When the radiation was
on resonance, 0.02 antiatoms per experimental cycle were detected, compared to 0.21 when off resonance.
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Measurement of muonium hyperfine splitting at J-PARC
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We are planning a measuremnt of the ground state hyperfine structure of muonium at J-PARC/MLF. Muonium
is a hydrogen-like bound state of leptons, and its HFS is a good probe for testing QED theory. The muon mass m,
and magnetic moment p, which are fundamental constants of muon have been so-far determined by the muonium
HEFS experiment at LAMPF [1]. The high intensity beam soon to be available at J-PARC allows one order of mag-
nitude more accurate determination of those constants, which also plays an important role in the new measurement
of anomalous magnet monment.
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The new francium trapping facility at TRIUMF
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We are constructing the francium trapping facility at TRIUMF and we planning on a commissioning run in
9-2012. Fr is an ideal atom for atomic spectroscopy studies of the weak interaction due to its high nuclear charge
and relatively simple electronic structure. We are preparing experiments to study the hyperfine anomaly, the anapole
moment, and optical parity non-conservation (PNC) in chains of isotopes. The hyperfine anomaly gives information
on the spatial distribution of the nuclear magnetization. The anapole moment dominates the nuclear spin dependent
part of the PNC electron-nucleus interaction and allows the study of the weak interaction inside the nucleus. The
optical PNC measurement of nuclear spin independent PNC is sensitive to physics beyond the standard model.
Work supported by NSERC and NRC from Canada, NSF and DOE from USA.
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The orbital magnetism of relativistic atomic electrons
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We consider a possible correction to the orbital magnetic moment of bound electrons. In condensed matter
systems, the correction manifests as new phenomena at low temperatures and high magnetic fields. Here we investi-
gate the possibility of detecting, by means of enhanced Atomic Beam Resonance Zeeman technique, the corrections
to the orbital magnetic moment of the atomic electrons. It is suggested that the correction may be best observed in
alkali metal atoms.
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Quantum statistics in a Gaussian Potential
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We investigate Gaussian potentials by solving the time-independent Schrodinger equation directly, and obtain
a number of empiric relationships between the number of states, their energies and the potential depth, potential
width and particle mass.

We compare our findings with recent results on the spectroscopy of fermionic *He in a dipole trap, formed
by a pair of crossed laser beams [1]. They found that the number of trapped atoms was remarkably constant over
multiple instances of the same experiment at low laser power. We interpret this as caused by every available state of
the trap being filled by one atom. ing them in a bath of bosons, the atoms would occupy the lowest states available.
At the conference, we will compare our results with the experimental data, and discuss analytical approximations
to the density of states.
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Electric dipole moment enhancement factor of thallium
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A number of extensions of the standard model of particle physics predict electric dipole moments (EDM) of
particles that may be observable with the present state-of-the art experiments making EDM studies a remarkable
tool in search for new physics. The electron EDM is enhanced in certain atomic and molecular systems, and two
of the most stringent limits on the electron EDM d, were obtained from the experiments with 2°T1 [Regan et al.,
PRL 88, 071805 (2002)], and with YbF molecule [Hudson et al., Nature 473, 493 (2011)]. Both results crucially
depend on the calculated values of the effective electric field on the valence electron. In the case of Tl this effective
field is proportional to the applied field £y, £, = KE,, and d (”T1) = Kd,. The goal of this work is to resolve the
present controversy in the value of the EDM enhancement factor K in T1. We have carried our several calculations
by different methods, and find the EDM enhancement factor of Tl to be equal to — 573(20). This value is 20% larger
than the recently published result of Nataraj et al. [Phys. Rev. Lett. 106, 200403 (2011)], but agrees very well with
several earlier results.
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High resolution spectroscopic study of the A'> *-b3
complex in RbCs molecule

Artis Kruzins'*, Kalvis Alps!, Olga Docenko!, Tlze Klincare', Maris Tamanis',
Ruvin Ferber!, Andrey V. Stolyarov?, and Elena A. Pazyuk?

1. Department of Physics, University of Latvia, Riga, Latvia
2. Department of Chemistry, Moscow State University, Moscow, Russia
*artis.kruzins@fizmati.lv

In alkali diatomic molecules containing heavy heteronuclear atoms the lowest excited A'>"* and b*IT states, due
to the strong spin-orbit interaction, are strongly coupled. These fully mixed states can’t be separated and thus need
to be considered as a single A'Y "-b*IT (A-b) complex with complicated energy levels structure as shown in [1].The
goal of the present study was to extend data field and to improve accuracy of the complex description applying
4-chaneldeperturbation model. In the experiment A-b complex is studied using either direct excitation by diode
lasers, or excitation of the (4)'Y." state with observation of laser induced fluorescence (LIF) (4)'Y" — A-b. LIF
spectra were recorded by Fourier transform spectrometer Bruker IFS 125HR with the resolution 0f 0.03 — 0.05 cm™.
More than 4600 A-b complex term values for 3Rb'**Cs were obtained in energy range E € [10066,12857] cm™).
Elaborated deperturbation model reproduces data with experimental accuracy (better than 0.01 cm™).
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broadband laser spectroscopy in the near IR
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An optical multi-pass cell based on highly reflecting confocal mirrors to achieve both long optical paths and
dense atom space (volume) coverage has been developed. Using six mirrors, we demonstrate a path-length of
300 m in a cell of only of 0.5 m in length. Different volume filling and path lengths were achieved by tilting the
mirrors with angles = 0.05 radians. Spectrally resolved absorption measurements in the near IR of the greenhouse
gases CO,, CO, and CH, were carried out with a broadband frequency comb Er+ fiber laser beam, extended by
Raman shifting in a highly nonlinear fiber to a range of 1.45 to 1.75 microns. The absorption spectra were recorded
using a spectrum analyzer and showed rovibrational resolution and a sensitivity of a few ten ppmv. The optical
apparatus is portable and can be used for a wide range of applications, including environmental monitoring, com-
bustion processes, medical diagnostics, and fundamental atomic and molecular physics studies. This research is
supported by the Qatar Foundation under the NPRP grant 09 - 585 - 1 — 087.
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Confining a vapour in a nanostructure yields a sub-
Doppler resolution in linear spectroscopy
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We show that a dilute alkali thermal vapour can be confined in the sub-micrometric interstitial regions of an
opal of glass nanospheres, in a regime where the production of clusters is negligible. With a vapour cell whose
window is covered with a film made of 10 or 20 layers of glass spheres (diameter ~1pm, or even 400nm), we per-
form linear reflection spectroscopy across the Cs resonance lines. We thus observe sub-Doppler structures on the
optical spectrum, for a large range of acceptance angles, including very oblique incidence (~ 30-50°). These narrow
contributions to the optical spectrum are proved to originate in the 3-D vapor confinement, and are reminiscent of
the Dicke narrowing [1], well-known in the r.f. domain in the presence of a collision confinement effect, but elusive
in the optical frequency range. These narrow structures allow envisioning compact optical frequency references;
moreover, the linearity of the technique offers applicability to weak molecular lines.
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In the current International System of Units (SI), the definition of the kelvin is linked to a material property,
namely the triple point temperature of the water. Aiming to dissociate this definition to any artifact, efforts are made
towards a new definition of the kelvin via an unchangeable fundamental constant: the Boltzmann constant, k,. For
this purpose k, must be determined with an uncertainty at the ppm level. Precision laser spectroscopy applied to an
isolated line of ammonia in the 10 pm region, combined with highly accurate measurement of the absorption line
shape and the use of refined methods of lineshape fitting and analysis, has recently allowed measurements of k, by
laser spectroscopy [1]. Spectra recorded are analyzed with various models that take into account Dicke narrowing
or speed-dependant effects of collisional parameters.

The present work indicates that a first determination of k; with a competitive uncertainty of a few ppm is reach-
able [2]. It will then be worthily compared the value obtained by the acoustic method and thus hopefully contribute
significantlyto the new value of &, determined by the Committee on Data for Science and Technology (CODATA).
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We present a very compact, robust, and narrow linewidth extended cavity diode laser (ECDL) for precision
quantum optics applications in space or in a micro-gravity environment. It will be used for Rubidium BEC and
atom interferometry experiments on board a sounding rocket to be launched in 2013. The micro-integrated ECDL
is based on a Littrow configuration and omits all moveable parts to guarantee excellent mechanical stability. Laser
chip, micro-optics, and electronical components are integrated on a structured aluminum nitride ceramic body that
only weights 40 grams and takes up a voulme of 30 cm®. The ECDL provides a continuous tuneability of more than
30 GHz by synchronizing the temperature of the VHBG and the injection current. In heterodyne beat note measure-
ments we have demonstrated an intrinsic linewidth of 300 Hz full-width-at-half-maximum (FWHM) and 60 kHz
FWHM short term (170 ps) linewidth (including technical noise) at an output power of 35 mW. We further report
on results of mechanical vibration tests that simulate the mechanical load of a sounding rocket launch.
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Recently, the cooperative Lamb shift (CLS) phenomenon was shown to play a prominent role for the explana-
tion of the frequency shift observed in single-photon superradiance [1] and in an atomic vapor layer with tunable
thickness and atomic density [2]. Here, we report on a four-wave mixing process in Rb vapor where three-photon
atomic excitation is produced by two laser beams, which are crossed at an angle 0. At high density and for small 0,
a suppression of the generated signal occurs near the unperturbed three-photon resonance; notwithstanding, a large
shift is observed in the peak position, which decreases as the 0 angle increases. The suppression effect is due to a
destructive interference between different pathways induced by the incident beams and by the four-wave-mixing
field. The shift dependence on 0 and on the atomic density are in agreement with the description based on CLS,
where the shifted resonance is near the frequency required for phase matching [3].
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Noise correlation spectroscopy in EIT with cold atoms
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Using noise espectroscopy, we studied the correlation between two laser beams with opposite circular polariza-
tions, coupling the transition °S,,,FF =2 to °B,,F’=2 in Electromagnetically Induced Transparency (EIT), using
cold atoms of **Rb. We observed the transition from correlation to anti-correlation, between the probe and control
beams, when their intensity was increased [1,2]. The cross-correlation spectra, contrary to the mean value of the
intensities, shows a EIT peak, that is free of power broadening [4], which experimentally allows the direct measure-
ment of coherence time between the ground states in EIT condition. The Phase Difusion model [3] applied to EIT
systems with three levels in A configuration [2], predicts this non-broadening of the correlation peak, showing the
correlation as a more accurated characterization property than the mean value of intensity.
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In the last decade, it has been found that some discrete doubly excited states (DES) embedded in continuum,
like the 2p3d ('P°) state, in spite of being autoionizing are fluorescence active. In this work, we have performed
both non-relativistic and relativistic calculations for the transitions of several DES of helium-like Cl. Our present
calculation shows that the fluorescence probability of the 2p3d ('P?) state of C1'* is still almost 10 times larger than
its autoionization probability. The dominance of fluorescence decay over autoionization of the 2p3d ('P?) state of
highly charged ions are being verified experimentally for the first time. The calculated energy value for the 2p3d
("P°) — 1s3d ('D®) transition is in excellent agreement with those of the observed values of C1'>*.
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We propose to use a spin-polarized, non-interacting, degenerate °Li gas mixed with #Rb atoms to generate cou-
pling between distant bosons due to successive interspecies scattering. The interaction has R spatial dependence.
Unlike the dipole-dipole interaction, the strength of the fermion mediated Bose-Bose interaction can be either at-
tractive or repulsive with the help of interspecies Feshbach resonances. The loss process due to three-body recom-
bination will greatly be suppressed in the Mott phase of bosons. A mixture of heavy bosons and light fermions is
ideal because a lattice will localize bosons while fermions can move freely. We further investigate schemes to cre-
ate supersolid and quantum magnetic phases in bosons with the help of the fermion mediated interactions. We are
engaged in building an apparatus to produce the mixtures of degenerate *’Rb and °Li gases. Currently the machine
is commissioning the ¥Rb BEC and DFG of °Li is in the pipeline. We are studying topological defect formation by
Kibble-Zurek mechanism in *’Rb spinor BEC at the F = 1 hyperfine state.
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Phase space theories where highly occupied condensate modes and mainly unoccupied non-condensate modes
are respectively treated via a hybrid double space Wigner and positive P distribution functional, have been devel-
oped [1,2], and may be applied to various BEC evolution problems, such as BEC interferometry experiments with
interacting bosonic atoms in time varying double well traps at very low temperatures [1]. The present paper extends
work in [1] showing that extra terms are present in the functional Fokker-Planck and Ito stochastic field equations
due to using time dependent mode functions. These are obtained via coupled Gross-Pitaevskii mean field equations
which can provide a good first approximation for condensate bosons. The extra terms involve coupling coefficients
defined by integrals of the mode functions with their time derivatives.
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Understanding relaxation processes is an important unsolved problem in many areas of physics. A key chal-
lenge in studying such non-equilibrium dynamics is the scarcity of experimental tools for characterizing their
complex transient states. We employ measurements of full quantum mechanical probability distributions of matter-
wave interference to study the relaxation dynamics of a coherently split one-dimensional Bose gas and obtain
unprecedented information about the dynamical states of the system. Following an initial rapid evolution, the full
distributions reveal the approach towards a thermal-like steady state characterized by an effective temperature that
is independent from the initial equilibrium temperature of the system before the splitting process. We conjecture
that this state can be described through a generalized Gibbs ensemble and associate it with pre-thermalization.
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Quantum many-body dynamics, such as they are observed in experiments with ultracold atoms, rely on the
inter-particle interaction as well as on exchange effects induced by the bosonic or fermionic nature of the particles.
The interplay of these phenomena is studied here by means of a mixture of several species that do not differ in
their physical properties. The total population imbalance of such a bosonic mixture in the double-well can be de-
scribed effectively by a single species, in a potential with modified properties or, equivalently, with an effective
total particle number. The self-trapping or oscillating behavior of the mixture can thus be tuned to a wide extent by
the population balance of the two species. The approach is extended to general Bose-Hubbard systems and to their
classical mean-field limits, which suggests an effective description of the particle density of Bose gases of several
components that weakly differ in their physical properties.
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In a recent experiment [1] a two-species condensate was formed via sympathetic cooling and three distinct
regimes of density distributions observed depending on atom numbers. To reproduce these theoretically, we inves-
tigate time-independent solutions through zero-temperature mean-field simulations. We find the results to be sensi-
tive to experimentally relevant shifts in the potentials in both longitudinal and transverse directions and observe a
range of structures, including ‘ball and shell” formations or axially/radially separated states. We find good overall
agreement for all regimes. Due to rapid sympathetic cooling, condensate growth likely plays an important role, an
effect we study by incorporating this into our mean—field description.
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The realization of dual-species Bose-Einstein condensate (BEC) of ¥Rb and '33Cs using sympathetic cooling
were reported by McCarron et al. [1]. It was found that the density profiles exhibit phase-separated structures, in-
cluding the ball(Cs)-shell(Rb), ball(Rb)-shell(Cs) and asymmetric phases, due to the immiscible interaction condi-
tion [1,2]. In this presentation, we employ the stochastic projected Gross-Pitaevskii equation (SPGPE) to simulate
the growth of dual-species condensate [3] during the cooling. The numerical results based on the SPGPE method
are consistent with the experiments [1]. We find that the ball-shell phases are long-lived metastable states which
will, eventually, either evolve to the asymmetric phase, or one of the two species become stillborn.
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Within a superfluid, circulating flow is constrained to occur via quantized vortices. At zero temperature, where
sound modes provide the ultimate energy sink in the system, quantized vortices undergo decay via emission of
sound waves during their acceleration or a reconnection event.

In a trapped Bose-Einstein condensate, this is only half the story. Here, the finite system size forces the emitted
sound to re-interact with the vortex. We demonstrate that the non-trivial vortex-sound interactions, including emis-
sion and absorption processes, can be elucidated in a double-well trap: with one vortex in each well, the sound emit-
ted by each precessing vortex can be driven into the opposing vortex. This “cross-talk” leads to a periodic exchange
of energy between the vortices which is long-range and highly efficient. The increase in vortex energy is significant
and should be experimentally observable at low temperatures as a migration of the vortex to higher density over
a few precession periods. Similar effects can be controllably engineered by introducing a precessing obstacle into
one well as an artificial generator of sound, thereby demonstrating the parametric driving of energy into a vortex.
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We study the precession of an off-centered vortex in a finite temperature, harmonically-trapped atomic con-
densate. In the absence of a thermal cloud, it is well understood the vortex rotates at a constant radius, as recently
confirmed experimentally [1]. However, the thermal cloud induces a frictional force on the vortex, thereby leading
it to a gradual decay. By an extension of earlier work [2], we perform a detailed quantitative study of the role of
the dynamics of the thermal cloud on the experimentally-relevant quantities of vortex decay rate and precession
frequency, highlighting the importance of the various collisional processes involved. We model the system by a dis-
sipative Gross-Pitaevskii equation for the condensate, self-consistently coupled to a quantum Boltzmann equation
for the thermal modes, which additionally includes collisional processes which transfer atoms between these two
subsystems (Zaremba-Nikuni-Griffin formalism, ‘ZNG’) [3].
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Recently, new thermodynamic methods applied to cold atoms have permitted the precise measurement of the
equation of state of strongly interacting Fermi gases. In contrast to fermions, experiments on strongly interacting
Bose gases are limited due to three-body losses. In the low temperature regime, interactions between ultra-cold
atoms are described by a single parameter: the s-wave scattering length a. In 1996, an a* dependence on the atomic
three-body recombination loss rate L, was predicted [1]. However, due to finite temperature effects, a limit on
the recombination rate is imposed at unitarity, where (k|a|)™ — 0, such that L, does not diverge [2]. We will
introduce existing theoretical predictions of temperature-dependence of the unitarity-limited, three-body loss rate.
Furthermore, we will present measurements of the variation of the three-body loss rate with temperature, that clari-
fies the temperature range over which the unitary Bose gas is metastable and can be studied in the framework of
thermodynamics [3].
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Recent experiments [ 1] have engineered spin-obit (SO) coupling in a neutral atomic Bose-Einstein condensate
through the dressing of two atomic spin states with a pair of lasers. This has led to an interest in the application of
these systems, such as for spintronic devices. The addition of rotation to the system adds non-trivial topological de-
fect effects. We consider a mean-field description of the rotating spin-1/2 Bose-Einstein condensate with spin-orbit
interactions. Through a Thomas-Fermi approximation and working in the non-linear sigma model formalism, we
are able to determine regimes of different topological defects and ground state profiles. We back these analytical re-
sults up with a series of numerical simulations on the full Gross-Pitaevskii equation. In particular, these simulations
provide a series of phase diagrams according to the crucial parameters present in the system: the spin-coupling, the
rotation frequency and the interaction strengths.
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We investigate the stationary states of spin-1 Bose-Einstein condensates in the presence of Rashba—Dressel-
haus-type spin-orbit coupling. Previously this coupling has been predicted to generate exotic ground-state struc-
tures. We numerically study the energies of various stationary states as functions of the spin-orbit coupling strength
and determine the ground states of the condensates. Our results indicate that for strong spin-orbit coupling, the
ground state is a square vortex lattice, irrespective of the value of the spin-spin coupling. For weak spin-orbit cou-
pling, the lowest-energy state may host a single vortex. Furthermore, starting from the homogeneous approxima-
tion, we analytically derive constraints that explain why certain stationary states do not emerge as ground states.
Importantly, we show that the distinct stationary states can be observed experimentally by standard time-of-flight
spin-independent absorption imaging.
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In experiments with Bose-Einstein condensates we have demonstrated that in direct analogy with lasers, BECs
possess long range coherence to at least third order [1]. This analogy with light extends to incoherent sources where
the presence of atom bunching in second order correlations (the Hanbury Brown — Twiss effect) is characteristic
of matter wave speckle [2]. In these experiments we make use of the ability to detect single atoms of helium in
the metastable 2°S, state which allow direct determination of the quantum statistics [3]. Most recently, we have
investigated higher order correlations in a one-dimensional Bose gas. In such a system the transverse dimension
can condense before full 3-D condensation resulting in a multi-mode condensate. Such a gas exhibits almost perfect
bunching and has enabled the measurement of correlation functions up to fifth order.
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We study superradiant scattering from a Bose-Einstein condensate using a pump laser incident at variable angle
and show the presence of asymmetrically populated scattering modes. Experimental data reveal that the direction
of the pump laser plays a significant role in the formation of this asymmetry, a result which is in good agreement
with numerical simulations based on coupled Maxwell-Schrodinger equations. Our study complements the gap of
previous work in which the pump laser was applied only along the short axis or the long axis of a condensate, and
extends our knowledge about cooperative scattering processes [1]. Based on this analysis, by a coherent Bragg
diffraction method we measure the multiband energy structures of single-particle excitations , which reveal the
interaction effect through the whole range of lattice depths [2].
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Two-dimensional (2D) systems play a special role in many-body physics. Because of thermal fluctuations, they
cannot undergo a conventional phase transition associated to the breaking of a continuous symmetry. Nevertheless
they may exhibit a phase transition to a state with quasi-long range order via the Berezinskii-Kosterlitz-Thouless
(BKT) mechanism. A paradigm example is the 2D Bose fluid, such as a liquid helium film, which cannot Bose-
condense at non-zero temperature although it becomes superfluid above a critical phase space density. Ultracold
atomic gases constitute versatile systems in which the 2D quasi-long range coherence and the microscopic nature
of the BKT transition were recently explored. However, a direct observation of superfluidity in terms of frictionless
flow is still missing for these systems. Here we probe the superfluidity of a 2D trapped Bose gas with a moving
obstacle formed by a micron-sized laser beam. We find a dramatic variation of the response of the fluid, depending
on itsdegree of degeneracy at the obstacle location. In particular we do not observe any significant heating in the
central, highly degenerate region if the velocity of the obstacle is below a critical value.
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We investigate the collision of oblique dark solitons in the two-dimensional supersonic nonlinear Schrédinger
flow past two impenetrable obstacles. We numerically show that this collision is very similar to the dark solitons
collision in the one-dimensional case. We observe that the collision is practically elastic and we measure the shifts
of the solitons positions after their interaction. The numerical results are in agreement with hydrodynamical ap-
proximation and with an ansatz built with the Hirota method. These results are relevant for quantum fluids past an
obstacle like the recent experiments with Bose gases and exciton-polaritons.

References

[11E. S. Annibale and A. Gammal, Interaction of oblique dark solitons in the two-dimensional nonlinear Schrodinger flow, Phys.
Lett. A 376, pp. 46-50 (2011).

[2] E. G. Khamis and A. Gammal, Hirota method for oblique solitons in the two-dimensional nonlinear Schrédinger flow, http://
arxiv.org/abs/1202.0697 (2012).

Th-060 Bose gases

Stable skyrmions in SU(2) gauged Bose-Einstein
condensates

Takuto Kawakami'*, Takeshi Mizushima!, Muneto Nitta?, and Kazushige Machida!

1. Okayama University, Okayama, Japan
2. Keio University, Kanagawa, Japan
*kawakami@mp.okayama-u.ac.jp

The three-dimensional (3D) skyrmion in multi-component Bose-Einstein condensates (BECs) has attracted
much attention. It is the topological object classified by the third homotopy group 7;(S*) = Z. However, its evidence
has yet to be clarified in experiments because of the energetic instability. On the other hand, recently, BECs coupled
with non-Abelian gauge fields have also attracted much attention in the sense of the spontaneous appearance of
spatially modulated ground states. Here, we clarify that a 3D skyrmion spontaneously emerges as a “ground state”
of BECs coupled with a realistic non-Abelian gauge field [1]. The gauge field is the 3D analogue of the Rashba
type gauge field. In addition, we demonstrate that the textural crossover from the 3D to 1D or 2D skyrmion as
squashing the 3D gauge field to be 1D or 2D forms, and provide the concept of the helical modulation as a unified
understanding [2].
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Acoustic analog of the dynamical casimir effect
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Although we often picture the quantum vacuum as containing virtual quanta whose observable effects are only
indirect, it is a remarkable prediction of quantum field theory that the vacuum can generate real particles when
boundary conditions are suddenly changed [1]. Thus the ’dynamical Casimir effect’ results in the spontaneous gen-
eration of photon pairs in an empty cavity whose boundaries are rapidly moving. Bose Einstein condensates are at-
tractive candidates in which to study acoustic analogs to such phenomena [2], because their low temperatures prom-
ise to reveal quantum effects. Here we exhibit an acoustic analog to the dynamical Casimir effect by modulating the
confinement of a Bose-Einstein condensate. We show that correlated pairs of Bogoliubov quanta, both phonon-like
and particle-like, are excited by this modulation in a process that formally resembles parametric down conversion.
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We study theoretically an analogous phenomenon of brane—anti-brane annihilation in two-component Bose-
Einstein condensates. In brane cosmology, the Big Bang is hypothesized to occur by the brane—anti-brane annihila-
tion and the instability of this system is explained by the concept of the ‘tachyon condensation’. We construct an
effective tachyon field theory for two-component BECs to explain the defect nucleation rate by a collision of the
domain walls [1]. This defect creation process and subsequent relaxation dynamics can be understood as the phase
ordering dynamics in a restricted lower dimensional space. We also discuss a new mechanism to create a “vorton’
(3D skyrmion) in the brane—anti-brane annihilation process [2]. All theoretical analyses are supported by the nu-
merical simulations of the Gross-Pitaevskii equation.
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We present a possible scheme for creating and detecting entangled states in momentum space for neutral meta-
stable Helium (He*) atoms.

Starting from a Bose-Einstein condensate (BEC) one can induce collisions between atoms to create entangled
atom pairs. Very close to the original proposal by Einstein, Podolski and Rosen, those pairs are anti-correlated in
their motional degree of freedom.

The possibility to detect individual He* atoms with a position resolved micro-channel plate (MCP) detector
opens up the way for experiments to proof that the atoms are actually entangled, for example in a double double-slit
experiment. We analyze requirements and restrictions for such an experiment, for example on detector resolution
and source size, and show that it should be in principle achievable in our current setup.

The research was funded by the Austrian Science Fund (FWF): W1210 (CoQuS) and F4008 (FoQuS).
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Momentum distribution of a trapped 1D Bose gas and
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The one-dimensional (1D) Bose gas has emerged as a paradigm system in quantum many-body physics that al-
lows unique opportunities for comparing experiment and theory. Experiments on atom chips allow direct measure-
ments of the momentum distribution of a trapped 1D Bose gas [1]. We describe how these results can be compared
to two theoretical approaches [2]. (i) stochastic projected Gross-Pitaevskii theory provides the first quantitative
description of the full momentum distribution measurements, and (ii) exact solutions for the thermodynamics,
obtained from the Yang-Yang equations (thermodynamic Bethe Ansatz) yield the root-mean-square width of the
momentum distribution via the kinetic energy. We find that the fitted temperatures from both methods are in excel-
lent agreement. These results open up interesting prospects for probing and characterizing more strongly correlated
regimes via Yang-Yang kinetic-energy thermometry.
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Towards using atom chip technology to map and control
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Quantum technology embraces a broad range of emerging technologies which have witnessed remarkable
progress in recent years, thanks to a steadily increasing degree of control of complex systems at the quantum level.
Solid-state devices are the most promising candidates for scalable implementation of quantum electronics. On the
other hand, ultra-cold atoms constitute the most sensitive and robust laboratory system to study and control coher-
ent quantum dynamics, and find natural applications in quantum simulations and metrology. Recently, it has been
demonstrated that a Bose-Einstein condensate (BEC), trapped near an atom chip, can be used as a field probe to
give micron scale spatial resolution and very high magnetic field sensitivity. Our proposal aims to establish a two-
way interface between cold atoms and solid-state systems in order to pursue a novel route towards hybrid quantum
technology. This investigation will provide an important test-bed for the BEC field imaging technique, representing
a breakthrough in the application of ultra-cold atomic systems for semiconductor based magnetic sensing. At the
same time, it will provide an unprecedented level of both spatial and magnetic resolution to achieve a micro- and
nano-scale characterisation of magnetic domains in semiconductors.
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Spinor condensates present a unique arena for the study of quantum phase transitions and dynamical behavior
close to critical points. In this work we report spontaneous spin domain formation in sodium Bose-Einstein con-
densates that are quenched, i.e. rapidly tuned, through a quantum phase transition from polar to antiferromagnetic
phases. A microwave “dressing” field globally shifts the energy of the mF = 0 level below the average of the
mF = +1 energy levels, inducing a dynamical instability recently uncovered by our group [1]. We use local spin
measurements to quantify the spatial ordering kinetics in the vicinity of the phase transition. For an elongated BEC,
the instability nucleates small antiferromagnetic domains near the center of the polar condensate that grow in time
along one spatial dimension. After a rapid nucleation and coarsening phase, the system exhibits long timescale non-
equilibrium dynamics without relaxing to a uniform antiferromagnetic phase.
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Spin drag in a Bose gas
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Spin currents, which form the basis of spintronics, are subject to strong damping due to collisions between spin
species. This phenomenon is known as spin drag. We have performed spin drag experiments for bosonic ultra-cold
atoms in the condensed and non-condensed phase. We prepare an equal mixture of pseudo spin up and down atoms
and apply a force on only one of the species. As a result a constant drift velocity between the spin species develops,
which is a measure of spin drag. Close to the quantum phase transition to BEC we observe a strong increase of spin
drag due to Bose enhancement acting as a precursor for Bose-Einstein condensation'. This is in agreement with
recent theory. With increasing BEC fraction we expect spin drag to decrease due to the superfluid properties of the
condensed phase. Our results pave the way for studies of transport properties of degenerate bosons that are very
different from fermionic systems.
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We show that the solutions of the Gross-Pitaevskii equation (GPE) exhibit wave chaos for a wide range of ex-
ternal potentials including disorder potentials and periodic lattices. In the presence of wave chaos two almost identi-
cal wave functions become orthogonal during time evolution by developing random fluctuations. We find a connec-
tion between wave chaos and the depletion of the BEC which reveals that wave chaos marks the breakdown of the
mean-field description within the GPE. Wave chaos in the GPE can thus be utilized to identify many-body effects.
To quantify many-body effects we employ the multiconfigurational time-dependent Hartree for bosons method
(MCTDHB). Our results indicate that even in systems where previously good agreement of GPE predictions with
experiment has been found, interesting many-body dynamics is present and has so far not been fully appreciated.
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The first BECs of strontium were created three years ago. This was achieved with the isotope *Sr, and degen-
eracy of the other three stable isotopes followed soon afterwards. Since then, we have expanded our capabilities
to prepare for future experiments, including the study of novel schemes of quantum simulation, creation of alkali-
alkaline earth molecules, and precision measurements. In particular, we have improved the number of atoms in
the Sr BEC to above 107, created deeply-degenerate Fermi gases, and generated five different double-degenerate
mixtures of both fermions and bosons. We have established a scheme to manipulate and detect the spin states of the
fermionic isotope ¥Sr with high fidelity, and performed spectroscopy in the triplet system. Furthermore, we have
implemented an optical lattice, which we used to create ultracold Sr, molecules in the electronic ground state (see
companion poster by B. Pasquiou). Our efforts culminate in the development of a novel optical cooling scheme (see
companion contribution by F. Schreck). These studies show the maturation of experimental techniques for degener-
ate gases of strontium, leading up to unique applications that are anticipated in the near future. A selection of these
studieswill be presented on the poster.
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Using the ability to tune the interaction strength in a harmonically trapped ultracold Bose gas of ¥K atoms we
study non-equilibrium phenomena in Bose-Einstein Condensates.

(1) By quenching the strength of interactions in a partially condensed Bose gas we create a “super-saturated”
vapor which has more thermal atoms than it can contain in equilibrium. Subsequently, the number of condensed
atoms (IV,) grows even though thetemperature (7) rises and the total atom number decays. We show that the non-
equilibrium evolution of the system is isoenergetic and for small initial N, observe a clear separation between 7 and
N, dynamics, thus explicitly demonstrating the theoretically expected “two-step” picture of condensate growth. For
increasing initial N, values we observe a crossover to classical relaxation dynamics [1].

(2) At low interaction strengths we show that decoupling from the thermal bath can lead to “superheated” con-
densates which survive at temperatures up to almost twice the equilibrium transition temperature. We study both
how this phenomena depends on theinteraction strength and also the subsequent dynamics of the condensate decay
which can be induced by rapidly increasing the interaction strength.
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Elastic Rayleigh scattering of photons from atoms in a Bose-Einstein condensate (BEC) creates long-lived
ripples in the density distribution of the atomic cloud. Bosonic stimulation leads to a positive feedback mechanism
enhancing the formation of a matter-wave grating. This directed Rayleigh scattering is well known as Rayleigh
superradiance, and recently it has been shown to depend asymmetrically on the sign of the pump light detuning [1].
Here we experimentally demonstrate this detuning asymmetry in the threshold, and present a model that explains
the source of the surprising asymmetry. We attribute the threshold increase to excitation onto repulsive molecular
potentials followed by emission of resonant photons. The matter-wave coherence is strongly inhibited by those
resonant photons [2].
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The system of cold neutral atomic gas has recently attracted attentions, because there the time scales of thermal
processes are sufficiently slow to observe various nonequilibrium phenomena. Thermo Field Dynamics (TFD)
formalism is one of the quantum field theories for thermal situations [1]. The non-Markovian quantum transport
equations for the gases have been derived in nonequilibrium TFD [2, 3]. We here extend our previous work to the
system with a time-dependent external field. For this purpose, we apply the nonequilibrium TFD to the one dimen-
sional system of cold neutral atomic Bose gas confined by a combined harmonic and optical lattice potentials. We
investigate the thermal process for the system after a sudden displacement of the former potential, analyzing the
quantum transport equation numerically.
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We consider the time dependent two-fluid hydrodynamic equations with one spatial coordinate x for the degen-
erate ideal Bose gas. The equation of state is p = BS™”, where p is the pressure, S is the entropy per unit volume (B
= const). We obtain two splitting pair of equations. The second set is

vy /9t +vgdvg /0x=0
OR /0t + Rdv, / 0x+Vv,OR /dx =0

where vy is the superfluid velocity, R = p — AS, p is the density (4 = consf). The Riemann problems with the
initial values p(0,x)=p,, S(0,x)=3S, (p,,S, —const) and v,(0,x)=v,(x<0), vs(0,x)=v,(x>0),v, >v, lead
to an unstable solution where the density becomes unbounded by analogy to [1], [2], [3]. Although equation of
two-component hydrodynamic is not applicable to ideal degenerated Bose gas, obtained solutions may be treated
as limit ones for non-ideal gas.
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We present an exact many body description of small mixtures of two ultracold bosonic species in a one-dimen-
sional trap that permit us to study the case in which they are in different correlation regimes. Within this framework
we obtain the criteria for phase separation when either both species form Bose-Einstein condensates (BEC) or when
one of them is in the Tonks-Girardeau limit. For the second case we compare our description with the semiclassi-
cal mean-field description, which is known to accurately describe the density distribution [1]. Finally, we use our
model to describe dynamics as well as quantum correlations between both species. The atoms in the Girardeau
gas act as impurities submerged in the BEC, and we investigate the effects the condensed environment has on the
Girardeau gas as a function of the interspecies scattering strength.
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Using a numerical implementation of the truncated Wigner approximation, we simulate the experiment re-
ported by Ramanathan ez al. in Phys. Rev. Lett. 106, 130401 (2011), in which a Bose-Einstein condensate is created
in a toroidal trap and set into rotation via a Gauss-Laguerre beam. A potential barrier is then placed in the trap to
study the decay of the superflow. We find that the current decays via thermally activated phase slips, which can also
be visualized as vortices crossing the barrier region in radial direction. Adopting the notion of critical velocity used
in the experiment, we determine it to be lower than the local speed of sound at the barrier. This result is in agree-
ment with the experimental findings, but in contradiction to the predictions of the Gross-Pitaevskii equation. This
emphasizes the importance of thermal fluctuations in the experiment.
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Interacting 2D Bose gases undergo a thermal phase transition to a superfluid phase at low temperature. It is
a Berezinskii-Kosterlitz-Thouless type transition in which the interactions between particles are playing a crucial
role. We have studied this transition through the emergence of phase coherence in the momentum distribution [1].

The influence of disorder on the 2D superfluid transition is an important open problem in condensed matter
physics. It is relevant to a variety of systems such as helium films, thin metallic films, or even high temperature
superconductors. Experimentally we study how microscopically correlated disorder changes the coherence proper-
ties of the 2D Bose gas close to the superfluid transition as a function of both temperature and disorder strength [2].
Our study is an experimental realization of the dirty boson problem in a well controlled atomic system suitable for
quantitative analysis.
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We provide an experimental demonstration of a new dipolar effect in a dilute quantum fluid using Raman-Bragg
spectroscopy to measure the excitation spectrum of a trapped spin-polarized degenerate quantum gas made chro-
mium atoms (Cr-BEC). Spectra are recorded for orthogonal orientations of the spin with respect to the trap axes.
The dipolar interactions between the atoms induce an anisotropy of the sound velocity inside the BEC. As we span
the frequency domain from the phonon range up to the single-particle range, the excitation energy is clearly dif-
ferent for parallel and perpendicular orientations of the excitation wave-vector with respect to the spin. This work
complements previously published studies of the collective excitations of the chromium BEC [1]. We plan to use
this scheme to deepen our understanding of the magnetization processes in the multicomponent spin-3 chromium
condensate with special interest for 2D and 1D systems [2, 3].
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We have observed how magnetization changing collisions, dipolar relaxation, are dramatically modified by
the confining potential when a chromium BEC is confined into a 3D optical lattice. The interplay between internal
(atomic) and external (lattice) degrees of freedom controls the two body inelastic collision process. In a 3D lattice,
relaxation of atoms initially in the highest Zeeman state is almost suppressed. However, we observe resonances cor-
responding to particular combination of Zeeman energy and vibrational lattice spacing. We performed the spectros-
copy of these resonances for two orientations of the magnetic field and observed a direct signature of the anisotropy
of the dipolar interaction. By focusing our attention on the lowest energy excitation peak we found that its shape is
sensitive to the interaction energy in each lattice site, and that it can be used as a global probe of the mean site oc-
cupation distribution. With such a probe, we studied how the mean site occupation distribution changes as we vary
the loading ramp speed of the lattice. Finally we studied lattice magnetism in the ground state of a 3D optical lattice
and observed a spontaneous depolarization of the BEC when the onsite interactions overwhelm the Zeeman effect.
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Low-dimensional confinements offer the opportunity to study the effects of dipolar interaction without instabil-
ity problems caused by the head-to-tail alignment of dipoles in three dimensions [1]. To investigate the anisotropic
character of the interaction, we consider a rotating dipolar Bose-Einstein condensate confined in an annular trap
for an arbitrary orientation of the dipoles with respect to their plane of motion [2]. Within the mean-field approxi-
mation, as previously studied for a quasi-two-dimensional elliptical potential [3], we find that the system exhibits
different vortex structures depending on the polarization angle of the dipoles and on the relative strength between
the dipolar and the contact interactions.
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Towards a two-species quantum degenerate gas of ¢Li and
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This poster will present the design and the current status of our experimental apparatus for the all-optical pro-
duction of a quantum degenerate mixture of Li and Cs atoms.

From this starting point, ultracold LiCs molecules can be created via Feshbach association and subsequent
Stimulated Raman Adiabatic Passage, which transfers the molecules to the ground state. In this state the molecules
exhibit a very large dipole moment of 5.5 Debye [1], which enables the investigation of dipolar physics in ultracold
gases.

Additionally, this mixture represents an excellent choice for the investigation of mixed species Efimov phys-
ics, due to the favorable scaling factor of 4.88 [2], which should enable us to observe a large series of Efimov
resonances.
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Anisotropic spontaneous four-wave mixing of two
colliding dipolar Bose-Einstein condensates
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The development of quantum matter wave optics studying nonclassical states of matter waves has benefited
from analogy of conventional Bose-Einstein condensates (BEC) to nonlinear Kerr media. Whereas, dipolar BECs
are like asymmetric nonlocal nonlinear media, and thus can be used for studying quantum matter wave optics
beyond Kerr nonlinear quantum optics. Now,we investigate spontaneous four-wave mixing of two colliding di-
polar BECs. A deformed halo of the scattered dipoles leads to directional correlated dipolar pairs, which could be
controlled with the alignment of the dipoles. Further analysis shows that back-to-back dipole pairs have anisotro-
pic Einstein — Podolsky — Rosen correlation, which can be used in quantum metrology and quantum mechanics
foundation test.
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Anisotropic features of dipolar Fermi gases
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Since the realization of BEC of ¥*Cr atomic gases with large magnetic dipole moments [1], dipolar quantum
gases have attracted much attention. Recently, experimentalists have tried to produce heteronuclear polar molecules
with large electric dipole moments. The anisotropic and long-range nature of a dipole-dipole interaction leads to
various properties. Especially, dipolar fermi gases have two fundamental phenomena, i.e., fermi surface deforma-
tion [2] and superfluid pairing [3]. The former is induced by the anisotropic nature of the dipole-dipole interaction,
which affects the the equilibrium and the dynamic properties, as well as the stability of the system. Anisotropic
dipole-dipole interaction also induces the superfluid phase transition. Several theoretical studies have predicted an
anisotropic BCS pairing associated with the dipole-dipole interaction.

In this work, we study the properties of dipolar fermi gases. Including the deformation of the Fermi surface, we
clarify the characteristic features caused by anisotropic dipole-dipole interaction.
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Thermodynamics of the unitary Fermi gas and pairing
from 3D to 2D
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We measure the equation of state of a Fermi gas with unitary interactions [1]. We use a novel method that re-
quires no fit or external thermometer. The thermodynamic signatures of the superfluid phase transition are observed
for the first time, revealed in the compressibility, the chemical potential, the entropy, and the heat capacity. Our
precision measurement of the thermodynamics provide a benchmark for many-body theories on strongly interact-
ing fermions, relevant for problems ranging from high-7, superconductivity to the equation of state of neutron stars.
In a separate experiment, we study the binding energy of fermion pairs in the crossover from three to two dimen-
sions [2]. Dimensionality is tuned by varying the depth of a one-dimensional optical lattice imposed on a gas of °Li
atoms. The binding energy is measured as a function of lattice depth and interaction strength and compared with
theoretical predictions.
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Spin-orbit-coupled ultracold atomic gases
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Ultracold atoms have been proven to be an ideal table-top system to reveal novel states of quantum matter.
The latest development of generating a synthetic spin-orbit coupling (SOC) in ultracold atoms has created a new
frontier that is endowed with a strong interdisciplinary character and a close connection to new functional materi-
als - topological insulators. Here, we report our theoretical work on spin-orbit-coupled ultracold atomic gases. For
Fermi gases, we predict a new anisotropic state of matter which consists of exotic quasi-particles with anisotropic
effective mass. In the superfluid phase, these quasi-particles exhibit salient features in the momentum distribution,
single-particle spectral function and spin structure factor, easily detectable in current experiments [1]. For Bose-
Einstein condensates, we show that the interplay between the SOC and inter-atomic interaction leads to a very rich
phase diagram, with each phase featuring a distinct spin-texture pattern and symmetry class [2].
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Solitons from BCS to BEC
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We perform time-dependent simulations of three-dimensional fermionic superfluids across the Bose-Einstein
condensate to Bardeen-Cooper-Schrieffer (BEC-BCS) crossover by solving the Bogoliubov-de Gennes (BdG)
equations. The BdG equations describe fermionicquasiparticles which are essential for simulating topological ex-
citations such as solitons [1, 2] and vortices, since these objects have a width of the order of the inverse Fermi
wavevector and contain localised Andreev states which play an important role in their dynamics [2]. Hence the
calculations are extremely heavy and must be run in parallel on a supercomputer. Our latest simulations model the
decay of solitons into vortices via the snake instability. We find that the timescale of the decay varies little between
the unitary and BEC regimes, but becomes much slower in the BCS regime. The snake instability is also suppressed
for grey solitons moving at a velocity close to the pair-breaking threshold.
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Quantum Monte-Carlo algorithm for FeAs-
superconductors
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The new World-Line Quantum Monte-Carlo Algorithm for the study of FeAs-based superconductors is sug-
gested. Properties of these superconductors can be described within the two-orbital model [1], the minimal model
taking into account the crystal structure of FeAs-layers, and practically being the limit of complexity for realization
of algorithms on numerical modeling of new superconducting compounds. The suggested coding of electron states
allows of considering in the new algorithm the complex terms describing pair electron transitions between orbitals.
The developed algorithm can be used for the study of the influence of superconducting cluster size, temperature,
and doping on local and non-local properties of FeAs-compounds.
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Precision studies of the contact parameter in a unitary
Fermi gas
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Ultracold Fermi gases near Feshbach resonances provide an unparalleled setting to obtain a precise understand-
ing of highly correlated many-body systems. These systems, characterised by short-range interactions and large
scattering lengths, are challenging to describe theoretically and various approximate methods have been employed
to make calculations tractable. Reliable experimental benchmarks are therefore a key requirement and progress is
now demanding accuracies at the level of one percent. Here, we report on our precision experimental measurements
of the dynamic and static structure factors of strongly interacting Fermi gases and the use of these to make the most
precise determination of Tan’s universal contact parameter [1] in a unitary Fermi gas. Our results are compared with
different theoretical predictions including Quantum Monte Carlo and many-body t-matrix methods. We also present
our progress towards obtaining the homogeneous contact from measurements on a trapped gas.
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We are developing a new apparatus dedicated to the cooling and trapping of mixtures of fermionic Lithium and
Potassium atoms. The experiment will focus on low dimensional systems that can be achieved using tight optical
confinement to freeze some atomic degrees of freedom. In this regime, we expect to observe phenomena equivalent
to the ones observed in condensed matter systems as well as new exotic phases of matter.

We report on recent results, including D1 sub-Doppler cooling of fermionic Lithium, the performance of the
magnetic transport from the MOT chamber to the science cell and the improved vacuum system.
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Fermi superfluid in a Kagome optical lattice
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Since the experimental realization by the Berkeley group[1], Kagome optical lattice have been of great interest
given the possibility to simulate geometrically frustrated systems and to realize exotic phases such as quantum spin
liquids[2] and flat band ferromagnets[3]. We study the attractive Hubbard model in the Kagome lattice in order to
explore the superfluid phases in this lattice geometry. We calculate the superfluid order parameter and collective
modes within the mean-field theory and strong coupling spin-wave analysis. We find that the superfluid order pa-
rameter is remarkably enhanced due to infinitely large density of states associated with the flat band. We discuss the
possibility of supersolid phases when finite superflow is imposed.
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We investigate strong-coupling effects on single-particle properties of a p-wave atomic Fermi superfluid, in-
duced by a p-wave Feshbach resonance. This type of pairing interaction has been recently observed in “°K [1] and
SLi [2] Fermi gases. Because of the splitting of three channels (p,, p,, and p,) of a p-wave Feshbach resonance by
a magnetic dipole-dipole interaction [1], the phase transition from the p.-wave pairing state to the p, +ip, -wave
state hasbeen predicted below the superfluid phase transtion temperature 7, [3]. Near this (p,) - (p, +ip,) -phase
transition temperature (7, ., ), pairing fluctuations associated with the non-condensed p,- and p.-component are-
expected to become strong even below 7. Including these fluctuation effects in a consistent manner, we calculate
single-particle density of states, as well as the spectral weight, in a one-component Fermi gas with a p-wave inter-
action below 7. In this poster presentation, we show how the p-wave pairing fluctuations affect the single-particle
properties near 7

Petip,”
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Strong-coupling effects on photoemission spectra of two-
dimensional Fermi gases in the BCS-BEC crossover
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We study single-particle properties and strong-coupling effects in a trap of two-dimensional Fermi gases. In-
cluding pairing fluctuations within a 7-matrix approximation, as well as a trap potential within the local density ap-
proximation, we self-consistently determine the superfluid transition temperature 7, and Fermi chemical potential
above T,. Using these, we calculate the local density of states (LDOS), local spectral weight, and photoemission
spectra above 7,. We show that the pseudogap inhomogeneously appears in LDOS near 7,, and it remains up to
T ~ Ty in the crossover region. We also demonstrate how the pseudogap phenomenon affects temperature depen-
dence of the photoemission spectra above 7, in the entire BCS-BEC crossover region. Our results would be useful
for understanding low-dimensional strong-coupling effects in the BCS-BEC crossover regime of a trapped Fermi
gas.
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Thermalization process of the nonequilibrium
initial distribution for two-component Fermi gas in
nonequilibrium Thermo Field Dynamics
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The thermalization process for the system of two-component Fermi gas is investigated in the framework of non-
equilibrium Thermo Field Dynamics (TFD) [1]. In nonequilibrium TFD, which is a real-time canonical formalism
of quantum field theory, a mixed state expectation in the density matrix formalism is replaced by an expectation of
the pure state vacuum, called thermal vacuum. A number distribution is introduced as an unknown time-dependent
parameter, and a self-consistent renormalization condition [2] derives its equation, i.e., the quantum transport equa-
tion [3]. In this poster, we derive the quantum transport equations for the system of weak interacting two-compo-
nent Fermi gas using nonequilibrium TFD, and illustrate the thermalization process of the nonequilibrium initial
distribution. Our transport equation is not based on the phase-space distribution function, but follows from the
appropriate choice of the representation space which is essential for quantum field theory.
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Instability of superfluid Fermi gases caused by bosonic
excitations
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We study the instability of the superflow in three-dimensional superfluid Fermi gases. In the previous work [1],
the superfluid critical velocity is determined by the fermionic single-particle excitations in the weak-coupling BCS
regime and by the bosonic collective excitations in the strong-coupling BEC regime. However, even after fermionic
excitations occur, stable gapless superfluid states can exist in three-dimensional systems. We therefore analyzed the
critical velocity of the superflow taking into account the gapless superfluid states. As a result, we found that even
in the BCS regime, bosonic collective excitations cause the instability of the superflow before the gap function
becomes zero.
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Spin susceptibility and fluctuation effects in an ultracold
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We investigate strong-coupling corrections to the spin susceptibility in an ultracold Fermi gas with an attrac-
tive interaction. In a population imbalanced system, the BCS-BEC crossover theory developed by Noziéres and
Schmitt-Rink (NSR) [1] is known to unphysically give the negative value of spin susceptibility in the crossover
region [2,3]. This problem still remains even in the 7-matrix theory. To overcome this serious problem, we extend
these theories to properly include higher order fluctuation effects. The resulting extended 7-matrix theory correctly
gives the positive value of spin susceptibility in the entire BCS-BEC crossover region. We also show that our results
well agree with the experimental results on spin susceptibility, measured by in situ imaging of dispersive speckle
patterns [4].

References

[1] P. Noziéres and S. Schmitt-Rink, J. Low Temp. Phys. 59, 195 (1985).
[2] X.-J. Liu and H. Hu, Europhys. Lett. 75, 364 (2006).

[3] M. M. Parish, ez al., Nat. Phys. 3, 124 (2007).

[4] C. Sanner, ef al., Phys. Rev. Lett. 106, 010402 (2011).



328 Th-095 Optical lattices

P-orbital physics in an optical chequerboard lattice
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The implementation of an adjustable time phase difference into a two dimensional optical square lattice setup
with nonseparable lattice potential allows us to excite a large fraction of bosonic atoms from the ground state into
higher bands by means of a population swapping technique. The ensemble develops full cross dimensional coher-
ence with a lifetime of up to 150 ms.

Depending on the involved band and the lattice configuration, real-valued striped superfluid order parameters,
or complex-valued order parameters which break time reversal symmetry build up. Tuning the anisotropy within
the lattice, we are able to map thephase diagram of the transition between this order parameters in the second band
(P-band), which exhibits a mixed orbital structure of local S- and P-orbits. The experimental results are compared
to a multi-band Bose-Hubbard model calculation, which takes into account next nearest neighbour tunneling and
interaction effects.
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We investigate the transport dynamics of a kicked Bose-Einstein condensate (BEC) in a 1D disordered potential
generated by laser speckle. It is demonstrated that disorder has remarkable effects on transport behavior of a matter
wave packet. The motion of the center of mass is suppressed by disorder and finally the distribution of the BEC is
localized. We also analyze the momentum evolution and an unexpected new component appears in the momentum
spectrum which is symmetric with the initial momentum. The new symmetric component induces the localization
of the center of mass. In the case of the BEC in a quasi-periodic lattice, a similar phenomenon is also demonstrated
numerically, however, the novel component of the momentum spectrum emerges asymmetrically.
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Using photon statistics to distinguish the atomic phases
in a Bose-Hubbard system coupled to a cavity field
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By numerical simulation, we examine how photon statistics distinguish the Mott-insulating and superfluid
phases of lattice bosons. To meet this end, we study a two-band boson system confined to an optical lattice and
coupled to a cavity field. Like the Bose-Hubbard model, this Hamiltonian includes local repulsive interactions and
nearest neighbor tunneling. In addition, atom-photon coupling induces transitions between the two internal atomic
levels. In the presence of a large cavity field, we find different photon number statistics in the Mott-insulating versus
superfluid phases, providing a coarse method of distinguishing the atomic phases by photon counting. Furthermore,
we examine the dynamics of the photon field after a rapid increase in well depth (a quench to zero atomic hopping).
We find a robust relationship, resulting from photon-atom entanglement, between the photon field’s quench dynam-
ics and the initial superfluid order parameter. This relationship thereby provides a method of elucidating the degree
of superfluidity from photon statistics.

We acknowledge support from ARO W911NF-08-1-0338 (SR), NSF DMR-0907275 (NT), and NSF Graduate
Research Fellowship (SR).
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We propose to exploit Wannier orbitals as controllable quantum states for generating high-fidelity entangled
cluster states of ultracold fermionic atoms in an optical lattice [1]. To make this control precise, we treat Wannier
orbitals in the ab initio manner. In our method, atoms in the lowest orbital are chosen as qubits, and the extra-Hilbert
space that originates from higher orbitals serves as a controllable and accessible environment. By controlling the
coupling between the qubits and the environment, we can design interactions among the qubits. Specifically, we
create a tunable Ising interaction in adjacent sites to generate entangled cluster states. The fidelity can be enhanced
by performing measurements on states of the environment followed by post-selection depending on the resulting
outcomes. Moreover, substantial advantages as regards scalability can be obtained by our pair-wise entanglement
generation scheme. Precise numerical simulations involving an exact diagonalization confirm that a combination of
the above tricks allows us to generate very high-fidelity entanglement with current experimental technologies. The
present method is applicable to generating one, two, and three dimensional (1D, 2D, and 3D) cluster states, and thus
is suitable for fault-tolerant measurement-based quantum computation.
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We investigate the properties of strongly interacting atomic gases in optical lattices, addressing the regimes of
weak and intermediate optical potentials where the conventional description in terms of the single band Hubbard
model is not reliable.

In the case of bosonic atoms, we introduce a novel Monte Carlo technique [1] which allows to simulate the
superfluid to insulator transition in continuous space.

For fermions, we apply Kohn-Sham Density Functional Theory (DFT), which is the most powerful computa-
tional tool routinely used in material science. In this work, we use a new energy-density functional for repulsive
Fermi gases with short-range interactions. The first results based on a local spin-density approximation show evi-
dence of a ferromagnetic phase due to repulsive interactions, and of anti-ferromagnetic order at half filling.
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In the last years tremendous progress has been made in controlling and observing ultracold atoms in optical
lattices. One of the latest developments has been the optical detection of atoms with single site resolution in lattices
of increasingly smaller periodicity [1,2]. Along with these detection schemes comes the possibility to control the
lattice potential with single-site resolution.

We propose a scheme that makes use of these approved technologies to perform quantum computation in opti-
cal lattices. The qubits are encoded in the spacial wavefunction of atoms in the Mott insulator phase such that spin
decoherence does not influence the computation. Quantum operations are steered by shaking the lattice while the
qubits are addressed by locally changing the lattice potential. Numerical calculations show possible fidelities above
99% with gate times on the order of a few milliseconds [3].
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Orbital physics in optical lattices: from strong correlations
to twisted superfluidity
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We show that multi-orbital and density-induced tunneling have significant impact on the phase diagrams of
atoms in optical lattices [1]. In these systems, higher-band processes and oft-site interactions are important exten-
sions to the established and well-studied Hubbard model. We introduce dressed operators for the description of
multi-orbitally renormalized tunneling, on-site, and so-called bond-charge interactions. Using an extended occupa-
tion-dependent Hubbard model, strong changes of the Mott transition for bosonic systems and Bose-Fermi mixtures
are predicted. In contrast, phenomena in superfluids are usually well described by the lowest band with a real order
parameter. We report on the observation of a quantum phase transition to a novel multi-orbital superfluid phase in
hexagonal lattices [2]. In this unconventional superfluid, the local phase angle of the complex order parameter is
continuously twisted between neighboring lattice site.
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Although quantum gases trapped by light represent a broad direction of modern research, the quantum prop-
erties of light are usually completely neglected in this field. The study of phenomena, where the quantization of
both light and atomic motion is crucial, will lead to the observation of novel effects, beyond traditional physics of
many-body systems trapped in prescribed potentials, e.g., optical lattices [1]. First, the light serves as a quantum
nondemolition (QND) probe of atomic [1] or molecular [2] states. Second, due to the light-matter entanglement,
the measurement-based preparation of many-body states is possible (number squeezed, Schrédinger cat states,
etc.) [3]. Light scattering constitutes quantum measurement with controllable measurement back-action, allowing
the dissipation tailoring. Third, in cavity QED with quantum gases, the self-consistent solution for light and atoms
is required, enriching phases of atoms trapped in quantum potentials and strengthening quantum simulations [1].
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Quantum gas microscopy: magnetism and algorithmic
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Ultracold atoms in optical lattices are an ideal system for the quantum simulation of condensed matter systems,
offering high tunability of parameters in dissipation-free systems. With quantum gas microscopy, we are now able
to initialize, manipulate and probe strongly-interacting many-body systems on a single-particle level.

We utilize this high degree of control for the first realization of quantum magnetism in an optical lattice and
report on microscopic studies of a quantum phase transition in antiferromagnetic Ising spin chains. We also pres-
ent a new in-lattice cooling technique suitable for cooling to the pico-Kelvin regime: Using an orbital-dependent
interaction, we demonstrate a number-filtering technique that enables the algorithmic removal of entropy from a
thermal cloud until it Bose condenses.

This work opens new opportunities for the creation and study of strongly-correlated systems in optical lattices.
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There is currently considerable interest in whether/how isolated quantum systems thermalize following a
quench. In this theoretical work we consider the dynamics of the Bose Josephson junction (BJJ) for which exact
results can be obtained. In particular, we show that following a sudden lowering of the tunneling barrier from the
Fock to the Josephson regime the quantum system quickly relaxes towards the classical ergodic distribution. How-
ever, fluctuations about this ergodic average remain and are characteristic of rainbow and cusp singularities that
proliferate in the many-body wave function following the quench [1]. Crucially, the BJJ is an integrable system.
However, when impurity atoms are added it becomes classically chaotic and we investigate how this affects the
long-time dynamics and ergodicity following a quench.
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All optical formation of Ytterbium two-dimensional quasi-
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Neutral atoms trapped in a two dimensional optical lattice have demonstrated to be a novel candidate for study-
ing interacting many-body quantum systems and creating quantum simulators. In recent years, a high resolution
microscope system consisting of a solid immersion lens (SIL) and a high num-erical aperture objective lens was
utilized to detect single rubidium atoms in a Hubbard-regime [1]. '7'Yb is an promising candidate for a quantum
bit, because it possesses 1/2 nuclear spin and no electronic spin, which ensures long coherence times compared
with alkali atoms. We present an all optical method to load '*Yb atoms into a single layer of optical trap near the
SIL. 5 x 10° atoms are cooled down to 2 4K and then transported, using two crossed ODT, to a distance of 25 um
under the SIL. After that, the optical accordion technique is used to create a condensate and compress the atoms to
a distance of 1.8 um. The characteristic time-of-flight shape of the 2D quasi-condensate was observed.
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Recent development of the spectroscopy by modulation of optical lattice potentials allows us to access excita-
tion structure of strongly correlated systems, [1] in which the created doubly occupied sites (doublons) number
is measured. In the theoretical viewpoint, the doublon production rate (DPR) allows us to access to a correlation
function of the kinetic energy.

We discuss doublon excitations in spin-incoherent Mott insulators which are relevant to current experiments
of fermionic atoms in optical lattice potentials. [2] To describe charge excitations in such a system, slave particle
representation and diagrammatic approach based on non-crossing approximation under the assumption of a spin-
incoherent state are used, and the single particle spectrum function is estimated. Applying this formalism to the
calculation of the DPR by lattice modulation, we implement a fit to the experiment [1], and as a result the quanti-
tatively good agreement is obtained.
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Recent successes in site-resolved imaging and control of bosonic atoms trapped in optical lattices have enabled
many new possibilities to emulate simple condensed matter systems. Many of the open questions in condensed
matter, however, stem from the fermionic nature of electrons. Extending the high degree of control available with
ultracold quantum gases in optical lattices to fermionic atoms will allow us to address these questions. The light
mass of fermionic °Li leads to system dynamics on fast timescales, making it an ideal candidate for such studies.
We report progress toward a °Li quantum gas microscope and present improved imaging, cooling, and trapping
techniques compatible with the light mass of °Li.
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We have recently observed nanometer-scale atomic localization and matter-wave tunneling in a stationary
optical lattice in a phase-stabilized magneto-optical trap(MOT) of **Rb atoms[1]. We have extended the study
to the case where the optical lattice is moving, which is realized by introducing a frequency difference between
counter-propagating trap lasers. When the speed v of the optical lattice is much smaller than the mean oscillation
velocity v, associated with the lattice potential, most of the atoms were transported by the lattice while localized at
the lattice potential minima and thus exhibiting a Rayleigh peak and Raman sidebands in the spectrum. However,
when v is increased beyond v,,., Doppler-broadened spectral feature appeared and grew, indicating atoms were no
longer localized. We measured the evolution of the spectrum with the increased lattice speed systematically. We
will report the results so far, and analyze data with a simple model incorporating transitions among the vibrational
states of the lattice potential.
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Lifetimes of three particles in an isotropic harmonic trap
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We present an analytic calculation of the energy levels and decay rates of particles confined by an isotropic har-
monic trap. Using a single adiabatic hyperspherical channel, we derive a transcendental equation whose solutions
give the energy levels and decay rates of the trapped states. To gain a more physical interpretation of the results, we
examine two regimes: the oscillator length much greater than, and much less than, the two-body S-wave scattering
length. For the case of a large oscillator length, we find explicit analytic expressions for the decay rate of the trapped
states. We find that the decay rate for bosons scales as |« |* (in agreement with prior work on free-space recombina-
tion), with higher-order corrections due to the trap. Moreover, the decay rate shows resonant enhancements due to
Efimov physics just as free space rates do. In addition, we show that for a small oscillator length, the decay rate is
proportional to the trapping frequency and exhibits log-periodic behavior.

Supported by the National Science Foundation.
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In this paper we have demonstrated that the optical gradient echo memory is suitable for the coherent storage
of images. We experimentally study the effect of atomic diffusion on the quality of an image stored in the long-
lived ground state coherence of a warm atomic ensemble. We show that the maximum spatial frequency that can be
stored is predetermined by the storage time and the diffusion coefficient of the medium. Additionally, we study the
ability of this memory to store multiple images at the same time, allowing temporal and spatial multiplexed storage
in an atomic vapor [1]. Finally, we would like to emphasize that this setup is perfectly adapted to be combined with
recent experiments on the generation of squeezed states and entangled images [2] with four-wave mixing in a hot
rubidium vapor.
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InAs Quantum Dots (QDs) are ideal building block of quantum repeaters for its quantum emitting and spin-
coherence properties. The quantum information from a spin qubit can be transferred to the polarization of a photon.
Using those features long-haul entanglement establishment among spin qubits can be potentially achieved. We have
made progress on this spin-photon interface. We convert ~910 nm emitted photons from the QDs to ~1560 nm by
frequency downconversion using Periodically Poled Lithium Niobate(PPLN) waveguides. A total system conver-
sion efficiency about 70% is demonstrated whereas the noise photon is below one count per second. From this we
demonstrate ultrafast detection (< 10ps) of single photons, and preservation of second order correlation function
during conversion process.
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We are implementing an adiabatic quantum computation (AQC) algorithm using neutral atoms trapped in
optical tweezers with interactions mediated via the Rydberg blockade mechanism [1]. Adiabatic evolution offers
potential to solve computationally difficult problems by mapping the problem of interest onto the Hamiltonian such
that the ground state encodes the solution. To find the solution, one begins by initializing in the ground state of a
‘simple’ Hamiltonian and then evolving adiabaticallyto the ‘problem’ Hamiltonian. Neutral atoms offer advantages
because of their demonstrated robust quantum coherence (e.g. atomic clocks), long lived hyperfine states (the qubit
basis), and also because they are highly isolated from the external environment. We control the adiabatic evolution
of the system by imposing various light shifts on the hyperfine levels. The interaction between the atoms is gener-
ated by creating a Rydberg-dressed state [2] that, via Rydberg blockade, creates the necessary conditional shift.
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Non-Markovianity, Loschmidt echo and criticality: a unified
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A simple relationship between recently proposed measures of non-Markovianity and the Loschmidt echo is
established, holding for a two-level system (qubit) undergoing pure dephasing due to a coupling with a many-
body environment. We show that the Loschmidt echo is intimately related to the information flowing out from
and occasionally back into the system. This, in turn, determines the non-Markovianity of the reduced dynamics.
In particular, we consider a central qubit coupled to a quantum Ising ring in the transverse field. In this context,
the information flux between system and environment is strongly affected by the environmental criticality; for a
reasonable time truncation the qubit dynamics is shown to be Markovian exactly and only at the critical point.
Therefore non-Markovianity is an indicator of criticality in the model considered here.
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Many quantum communication protocols require entangled states of distant qubits which can be implemented
using photons. To efficently transfer entanglement from photons to stationary qubits such as atoms, one requires
entangled photons with a frequency bandwidth matching the absorption profile of the atoms. In our setup, a cold
Rb¥ atomic ensemble is pumped by two laser beams (780nm and 776nm) resonant with the 5S,, — 5P,, — 5D,
transition. This generates time-correlated photon pairs (776nm and 795nm) by nondegenerate four-wave mixing
via the decay path 5D, — 5P,,, — 58, ,,. Coupling the photon pairs into single mode fibres and using silicon APDs,
we observe a g@ of about 4750 and pairs to singles ratio of 14.2% (400 photon pairs per second). By filtering out
uncorrelated 795nm photons, we obtain a pairs to 795nm singles ratio of 18.4%. The optical bandwidth of the pairs
was measured by a cavity (linewidth 2.8MHz) to be 21.4MHz for a MOT optical density of 26.
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All-optical phase modulation based on a double-Lambda
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The technique of controlling the optical phase of a light pulse by another is called cross-phase modulation
(XPM), and can be applied to implement controlled-phase gates and quantum entangled states. Although there are
several proposed methods to enhance nonlinear optical effects at the single photon level, the interaction between
two light fields is normally too small for quantum information applications. Electromagnetically induced transpar-
ency (EIT) is one of the most promising technologies for achieving strong optical nonlinearities and the coherent
manipulation of light. Here we experimentally demonstrate a novel scheme of XPM based on a phase-dependent
double-Lambda atomic system. This work opens a new route to generate strong nonlinear interactions between
photons, and may have potential for applications in quantum information technologies.
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We investigate and compare atomic cesium gases at room temperature and in a cold atomic cloud for their
usability in quantum memory protocols based on the effect of electromagnetically induced transparency (EIT). In
order to improve the storage and retrieval characteristics we have performed a detailed theoretical and experimental
study of EIT. Taking into account the full hyperfine structure and the Zeeman splitting in the considered atomic
transition, we show that they modify the dynamics of EIT, but also permit for its customization.

The model is applied and compared to our experiments. In the warm vapor, the targeted depletion of perturb-
ing velocity classes can enhance the EIT effect significantly. In the cold ensemble, consisting of atoms collected
into a magneto-optical trap, we demonstrated EIT based storage of orbital angular momentum in the single-photon
regime. We also investigated an experimental witness recently proposed by P. M. Anisimov et a/. that allows for
disambiguation between EIT and Autler-Townes splitting. Again the full structure plays here an important role.
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We address the propagation of a single photon pulse with two polarization components, i.e., a polarization
qubit, in an inhomogeneously broadened “phaseonium” A-type three-level medium. We combine some of the char-
acteristic propagation effects for the phaseonium media with the controlled reversible inhomogeneous broadening
(CRIB) technique to propose novel quantum information processing applications [1]. Since part of the incident
pulse, i.e., the antisymmetric normal mode, uniquely determined by the preparation of the atoms in the phaseonium
state, propagates without distortion while the symmetric normal mode can be efficiently and completely absorbed,
the system acts as a quantum filter. Moreover, the absorbed part of the incident field can be retrieved in the back-
ward direction using the CRIB method. In this case, the system can be used as a quantum sieve or, considering both
orthogonal modes, a tunable polarization qubit splitter. Moreover, we show that, by imposing a spatial variation of
the atomic coherence phase, both field components can be completely absorbed and an efficient quantum memory
for the incident polarization qubit can be also implemented.
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Hybrid quantum systems, which combine ultra-cold atoms with superconducting solid-state devices, have been
proposed in the areas of precision sensing and quantum information processing. Such systems, exploit the rapidity
of quantum logical operations performed by solid-state devices together with the long coherence time of atomic
quantum superposition states.

We report on the interaction of ultracold atoms and superconducting Niobium microstructures at 4.2 K. The
atomic cloud is prepared and cooled to degeneracy on a superconducting atomchip. The interaction of the atoms
with the superconducting trapping structure was observed both in a distortion of the trap due to the Meissner effect
and in a suppression of the Johnson-Nyquist noise that manifests itseld in long trap lifetimes. We present recent
Ramsey interferometry measurements of the coherence lifetime of atomic spin state superpositions trapped on a
superconducting atomchip.

As a further step towards the interaction of these two quantum systems, we recently implemented a hybrid trap
incorporating the magnetic field generated by a superconducting ring holding a few trapped flux quantas. In this
hybrid trap, the flux quantization in the ring was observed and characterized.
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Trapped ions exposed to a magnetic gradient and manipulated with long-wavelength radiation exhibit an ef-
fective spin-spin interaction which is used to carry out CNOT gates with thermally excited ions using microwave
radiation [1]. We characterize experimentally the spin-spin-coupling in strings of two and three ions and prove the
dependence of this coupling on the trap frequency which can be used to create tailored coupling patterns relevant
for quantum simulations.

Decoherence due to fluctuating magnetic fields can be strongly suppressed using microwave-dressed states [2]
and coherence times up to about 1 s are achieved. At the same time, using dressed states eliminates carrier transi-
tions by interference and retains the magnetic gradient-induced coupling. Thus, fast quantum gates even with a
small effective Lamb-Dicke-parameter are possible. This approach is generic and applicable also to laser-based
gates as well as other types of physical qubits.
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Realization of stable quantum bits (qubits) that can be prepared and measured with high fidelity and that are
capable of storing quantum information for long times exceeding seconds is an outstanding challenge in quantum
science and engineering. Here we report on the realization of such a stable quantum bit using an individual *C
nuclear spin within an isotopically purified diamond crystal at room temperature. Using an electronic spin associ-
ated with a nearby Nitrogen Vacancy color center, we demonstrate high fidelity initialization and readout of a single
13C qubit. Quantum memory lifetime exceeding one second is obtained by using dissipative optical decoupling from
the electronic degree of freedom and applying a sequence of radio-frequency pulses to suppress effects from the
dipole-dipole interactions of the "*C spin-bath. Techniques to further extend the quantum memory lifetime as well
as the potential applications are also discussed.
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Quantum communication requires transmission of quantum information over large distances. Photons are pre-
destined for such a task due to their inherent high mobility and low decoherence. Quantum information processing
will require the ability to locally store and access quantum data [1]. For this photonic qubits are unsuitable. Their
information needs to be transferred to a quantum memory. Gradient echo memories (GEM) have demonstrated stor-
age and recall efficiencies larger than 80%, while theoretical efficiencies as high as 98% are possible [2]. The chal-
lenge to utilising a memory based on GEM as with any atomic quantum memory is the vast difference between the
spectral properties of the memory and the single photons It has been shown that the emission spectra of parametric
down-conversion (PDC) can be significantly reduced by using a cavity [3]. Here we report our work towards the
generation of single photons from cavity enhanced PDC suitable for storage in a GEM memory.
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We explore uses of atoms trapped in the evanescent optical field near a nanofiber for atomtronics and quantum
information. Rb atoms trapped in the evanescent field can be coupled to the magnetic field of a superconducting
(SC) resonator operating close to the Rb ground state hyperfine frequency (6.8 GHz). This is a first step towards
coupling atoms to a SC qubit. We are combining a grating MOT (GMOT) with an evanescent field trap, so that
optically-trapped atoms loaded from a GMOT can be transported and coupled to a SC resonator in a dilution re-
frigerator. We will present results from nanofiber fabrication, a GMOT setup, and nano-photonic structures, and we
discuss experimental proposals for hybrid quantum systems.

This work is supported by ARO MURI award W911NF0910406, Fulbright, and the NSF Physics Frontier
Center at the JQI.
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Recent progress have been done in the experimental preparation of quantum states designed for continuous
variable quantum communication. States prepared with a combination of photon counting and homodyne measure-
ment showed high interest in this domain. Cat states have for instance been characterized a few years ago with this
method , revealing a specific quantum feature : a Wigner function with negative values [1]. The main issue of these
states is that their quality is not good enough to be used for quantum communication. In other words, the Wigner
function is not negative enough.

We propose here to show some ways to improve this quality. One of them concerns the spatial ratio of the beam
waists in the parametric amplifier that gives birth to our states.
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In this work, we demonstrate a procedure for engineering effective interactions between two modes in a bi-
modal cavity. We consider one or more two-level atoms, excited by a classical field, interacting with both modes.
The two effective Hamiltonians have a similar form of a beam-splitter and quadratic beam-splitter interactions,
respectively. We shown that the nonlinear Hamiltonian can be used to prepare an entangled coherent state, also
known as multidimensional entangled coherent state, which has been pointed out as an important entanglement
resource. We also show that the nonlinear interaction parameter can be enhanced considering N independent atoms
trapped inside a high-finesse optical cavity.

This work was supported by the Brazilian National Institute of Science and Technology for Quantum Informa-
tion (INCT-1Q) and for Semiconductor Nanodevices (INCT-DISSE), CAPES, FAPEMIG and CNPq.
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Cavity cooling below the recoil limit
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Conventional laser cooling relies on repeated electronic excitations by near-resonant light, which constrains its
area of application to a selected number of atomic species prepared at moderate particle densities. Optical cavities
with a Purcell factor exceeding unity allow to implement laser cooling schemes using off-resonant light-scattering,
which avoid the limitations imposed by spontaneous emission. Here, we report on an atom-cavity system, combin-
ing a Purcell factor around 40 with a cavity bandwidth(9 kHz) below the recoil frequency associated with the ki-
netic energy transfer in a single photon scattering event (14 kHz). This lets us access a yet unexplored fundamental
quantum mechanical regime of atom-cavity interactions, in which the atomic motion can be manipulated by tar-
geted dissipation with sub-recoil resolution. We demonstrate cavity-induced heating of a of ¥’Rb Bose-Einstein con-
densate and subsequent cooling at particle densities and temperatures incompatible with conventional laser cooling.
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Modification of in- and off-plane spontaneous emission of
active medium in two-dimensional photonic crystals
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According to the Purcell’s effect, the introduction of photonic crystal structures may change the electromag-
netic mode distribution and affect the spontaneous emission of active medium [1]. We employed the plane-wave
expansion method together with a dipole model to study this phenomenon by calculating the local density of states
(LDOS) of photons [2]. Although the photonic crystals are assumed two-dimensional for the ease of fabrication, the
propagation of photons are allowed to be three-dimensional. We calculated the in- and off-plane LDOS for active
medium embedded at various positions of the unit cell. Both LDOS are found to be position-sensitive and they may
differ significantly. This indicates that one may use this approach to evaluate the efficiency and even to design the
emission pattern of a photonic system such as a light-emitting diode [3].

References

[1] Masayuki Fujita et al., “Simultaneous Inhibition and Redistribution of Spontaneous Light Emission in Photonic Crystals”,
Science 308, 1296 (2005).

[2] K. Busch et al., “Photonic Crystals”, p. 24-25 (Wiley-VCH, 2004).

[3] Y.-W. Cheng et al., “GaN-based LEDs surrounded with a two-dimensional nanohole photonic crystal structure for effective
laterally guided mode coupling”, Opt. Lett. 36, 9 (2011).



344 Th-127 Quantum optics...

Quantum homodyning of photonic qubits, qutrits and
ququads emitted on demand from an atomic source
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With single quantum systems controlled to encode elementary quantum bits (qubits) of information, a funda-
mental enhancement of computing and information security is now in reach. Particular attention is paid to QIP in
linear-optics quantum circuits (LOQC) [1], which are in principle scalable to larger networks if it were not for the
spontaneous nature of parametric down conversion (PDC) photon sources.

Here, we demonstrate that single photons deterministically emitted from a single atom into an optical cavity [2]
can be equally used for LOQC, thus levying these restrictions. With a coherence time of ~ 500 ns, also a sub-
dividision of photons into several time bins of arbitrary amplitudes and phases is possible. In particular, in place
of storing a simple qubit in one photon (being present or absent), the subdivision into d time bins is now used to
encode arbitrary qudits in one photon [3]. We verify the fidelity of the encoding with a series of time-resolved
quantum-homodyne measurements.
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Rydberg atoms and surface polaritons
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The presence of macroscopic bodies can drastically change the properties of the electromagnetic field. A mani-
festation of the body-induced change of the ground-state fluctuations of the field is the Casimir-Polder force ex-
perienced by an atom near a dielectric body [1]. To understand experimental results it is necessary to consider
realistic scenarios. We strive to understand the interplay between surface plasmon resonances,ambient temperature,
surface geometry and the modifications of the atomic structure. The experiment of Kiibler et al. [2] indicated that
a description of the atom-surface interactions should include the possible coupling between the atomic transitions
and thermally excited surface polaritons (SP). We derive a quantum description introducing a nonlinear effective
Hamiltonian in which the atom can couple resonantly to the SP modes of the dielectric material which leads to
second-order energy exchanges with the atomic transition energy matching the difference in SP energies.
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Strong interaction between atoms and propagating light is important in quantum information processing, and
remains as a current experimental challenge. First, we consider the interaction of a single two-level atom with quan-
tized light pulses propagating in free space. We show the dependence of the atomic excitation on (i) the state of the
pulse and (ii) the overlap between the pulse waveform and the atomic dipole pattern [1]. A detailed study of atomic
excitation with both n-photon Fock stateand coherent state pulses in various temporal shapes is presented. Second,
we propose a quantum memory setup based on a single atom in a half cavity with a moving mirror [2]. We show
that various shapes of incident photon can be efficiently stored and readout by shaping the time-dependent atom-
pulse coupling. We present how the storage efficiency depends on pulse bandwidth. We discuss the experimental
implementations with a single atom/ion in a half cavity and a superconducting qubit in circuit QED.
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An important example of strongly correlated systems is a Bose-Einstein condensate in a high-finesse optical
resonator. Such a system realizes a peculiar hybrid of strongly coupled matter and light waves. The condensate with
its large optical density creates a substantial refractive medium for the light field; meanwhile, the cavity field exerts
significant mechanical forces on the motion of the atom cloud. If the resonator is driven by a laser beam from the
side, a normal-superradiant phase transition can be observed that is analogous to that of the Dicke model [1,2]. One
of the collective excitations of the system soften at the phase transition [3,4] which signals a superfluid-supersolid
phase transition. This polariton type excitation has finite lifetime due to photon loss, and as we show, also due to
the decay into one-particle excitations. The different damping mechanisms change the character of the criticality
of the phase transition.
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Realistic quantum mechanical systems are always exposed to an external environment. The presence of the
environment is often considered to give rise to a Markovian process in which the quantum system loses information
to its surroundings. However, many quantum systems exhibit a non-Markovian behavior in which there is a flow of
information from the environment back to the open system, signifying the presence of quantum memory effects [1].
The environment is usually composed of a large number of degrees of freedom difficult to control and the efficient
exploitation of reservoir engineering techniques require a method for distinguishing between diverse types quan-
tum noise by observing the open system only. We report an experiment in which we are able to control the environ-
ment and to monitor the noise through quantifying the non-Markovianity in the dynamics of the open system [2].
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We report on the realization of two quantum feedback schemes allowing for the preparation and stabilization of
photon-number (Fock) states of a microwave field stored in a high-Q superconducting cavity. Repetitive quantum
non-demolition (QND) measurement with dispersive Rydberg atoms provides a real-time information on the field’s
state. Coherent microwave injection into the cavity mode [1] or individual atoms resonantly emitting or absorbing
single photons from it [2] are then carefully chosen to steer in a feedback loop the field towards a desired state.
Moreover, each decoherence-induced quantum jump of the field is detected by the QND sensors and then success-
fully corrected.
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A promising approach to merge atomic systems with scalable photonics has emerged recently, which consists
of trapping cold atoms near tapered nanofibers. Here, we describe a novel technique to achieve strong, coherent
coupling between a single atom and photon in such a system [1]. Our approach makes use of collective enhance-
ment effects, which allow a lattice of atoms to form a high-finesse cavity in the fiber. Under realistic conditions,
one can attain the “strong coupling” regime of cavity QED, wherein it becomes feasible to observe vacuum Rabi
oscillations between a specially designated “impurity” atom within the cavity and a single cavity quantum. This
mechanism can form the basis for a scalable quantum network using atom-nanofiber systems. We also describe
novel correlations that arise in this system between light and atomic positions and momenta.
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In the last decades there was an interest in superluminal light, that is light pulses with the group velocity larger
than the speed of light in vacuum. Experimental and theoretical schemes were provided for realization of one-
component [1] andtwo-component [2] superluminal light pulses employing a gain media. In the scheme proposed
in [2] two superluminal pulses are not symmetrical: the seed pulse generates a much weaker conjugated pulse. We
suggest an alternative scheme for two-component superluminal light, which is an extension of the scheme proposed
in [1]. Instead of one gain doublet and one probe field we use two gain doublets and two probe fields. The main
advantage of such a scheme is the flexibility in controlling the two superluminal pulses by changing parameters of
the gain doublets.

This work was carried out within the EU FP7 Centre of Excellence FOTONIKA-LV, the EU FP7 IRSES Project
COLIMA, a trilateral grant of Latvian, Lithuanian, and Taiwanese Research Councils.
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We develop the theory of light propagation under the conditions of electromagnetically induced transparency
in systems involving strongly interacting Rydberg states. Taking into account the quantum nature of light, we com-
pute the propagation of an arbitrary input pulse in the limit of strong Rydberg-Rydberg interactions. We also solve
the case of a few-photon pulse for arbitrary Rydberg-Rydberg interaction strengths [1]. We show that this system
can be used for the generation of nonclassical states of light including single photons and trains of single photons
with an avoided volume between them, for implementing photon-photon gates, as well as for studying many-body
phenomena with strongly correlated photons.
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We report on our progress towards engineering a collective, non-Gaussian quantum state in an ensemble of
dipole-trapped Cs atoms. Such states are an important prerequisite for continuous variable quantum information
processing and can be a valuable resource for quantum metrology applications [1]. Our experimental apparatus is
described in [2]. We start by preparing all atoms in the ‘T = ‘F =4,m, = 0> clock state and apply a weak excita-
tion pulse, resonant with the ‘F =4,m, = O> - ‘F "=4,m;, = +1> transition. Conditioned on the detection of a single
forward-scattered photon of the right energy and polarization we know that with a probability of > 2/3 a single atom
has been scattered into the lower ‘Jz> = ‘F =3,m, = O> clock level and the collective quantum state of the example

is now described by ‘w) = ZL ‘TT TJ/[T T>. We then apply a microwave z/2-pulse to make the single atom
interfere with the remaining F = 4-atoms. By performing quantum non-demolition measurements of the atomic
population difference in the clock-levels using a dispersive dual-color probing-scheme we obtain marginal statistics
of the non-Gaussian Wigner function of this state and we compare our result with the Gaussian Wigner function of
a coherent spin state.

References

[1]1. I Cirac et al., Phys. Rev. Lett. 78, 32213224 (1997), N. Brunner ef al. Phys. Rev. A. 84, 041804(R) (2011), M. Ohliger et
al., Phys. Rev. A 82, 042336 (2010).

[2] A. Louchet-Chauvet et al., New J. Phys. 12 065032 (2010).



Quantum optics... Th-137 349

Photoluminescence of exciton polariton condensates at
high densities

Natsuko Ishida'*, Tim Byrnes?, Tomoyuki Horikiri?, and Yoshihisa Yamamoto??

1. Advanced Science Institute, RIKEN, Japan
2. National Institute of Informatics, Japan
3. ¢ Edward L. Ginzton Laboratory, Stanford University, Stanford California, USA
*Corresponding author: n_ishida@riken.jp

Exciton-polariton condensates need to be continuously pumped due to their short lifetime of the order of pico-
seconds. This open-dissipative nature of the system is particularly important in the high density regime, bringing
new physics beyond traditional atomic BEC systems: the gain and loss of the condensate can no longer be ignored.

At high density, it has been a controversial issue of whether exciton-polariton BECs would undergo a crossover
to photon lasing based on electron-hole plasma, or an electron-hole BCS-like phase [1-3]. In this work we discuss
the property of the high density exciton-polariton BECs via two-time correlation function of an open system [4] tak-
ing into account of reservoir pumping and cavity, exciton loss. We consider a model where the lower polaritons are
pumped into the condensate and decay with the finite lifetime. We also consider effects of a time dependent pump,
which more closely simulates the experimental situation where a pulsed excitation is used.
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We consider a system of two optical cavities coupled via two-photon exchange [1]. Each cavity contains a
single atom interacting with cavity photons with a two-photon cascade transition. Characterizing both particle en-
tanglement and spin squeezing by optimal spin squeezing inequalities, we examine their transfers between photonic
and atomic subsystems for initially separable and entangled two-photon cases. It is observed that particle entangle-
ment is first generated among the photons and then transferred to the atoms. The inter-cavity two-axis twisting spin
squeezing interaction, induced by two-photon exchange, is revealed itself as engendering physical mechanism. The
effect of the local atom-photon interactions on the trasfer of spin squeezing and entanglement is pointed out by be-
ing compared with the non- local two-photon exchange.
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The efficiency of a nonlinear optical process is equal to the product of the transition rate and interaction time.
If the interaction time can be maximized, it is possible to achieve high efficiency even below single-photon level.
Based on the techniques of stored light and stationary light, we report the first experimental demonstration that two
light pulses were made motionless and interacted with each other through a medium [1]. To demonstrate the en-
hancement of optical nonlinear efficiency, we used the process of one optical pulse switched by another. Our result
shows that motionless light pulses can activate switching at 0.56 photons per atomic absorption cross section. The
great potential of the scheme is that the switching efficiency is not limited to the present result but can be further
improved by increasing the optical density of the medium. This work advances the technology of low-light-level
nonlinear optics and quantum information manipulation utilizing photons.
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We report on the atom-like coherent control of a single self-assembled InAs quantum dot. In particular, we
resonantly drive Rabi oscillations between the ground and the biexciton state via two-photon excitation. A n-pulse
deterministically populates the biexciton state which then decays in a biexciton-exciton cascade. Full coherent
control of the excitation process is proven by the observation of Ramsey fringes. This is the first demonstration of
coherently created photon pairs from a single self-assembled InAs quantum dot as well as the first demonstration of
an extension of the coherence time of an excitonic qubit with an all-optical echo technique.

The resonant creation of the photon pairs completely suppresses multi-photon emission which is a unique fea-
ture of this excitation scheme. Deterministic coherent excitation makes this system well suitable for schemes like
time-bin entanglement or probabilistic interaction of the photons originating from dissimilar sources.
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Circuit Quantum Electrodynamics provides a new regime of cavity QED where interaction strengths are many
times larger (> 1000) than system losses. Utilizing a superconducting transmon qubit, we are able to induce Kerr
non-linearities in a three-dimensional cavity resonator which are 20 times larger than its characteristic cavity decay.
This regime allows us to observe the apparent dephasing and subsequent refocusing of a coherent state due to the
Kerr interaction. Throughout this process, the coherent state will naturally evolve into multi-component Schréding-
er cat states before refocusing. Using cavity state tomography, we are able to measure these non-classical states of
light and observe coherent state revivals.
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We present a method to generate a beam of light with amplitude fluctuations below the standard quantum
limit across multiple spatial sidebands. Four-wave-mixing in hot Rubidium vapour has previously been shown to
generate twin beams that demonstrate quantum correlations in spatially correlated regions, that is to say quadrature
entanglement between multiple transverse spatial modes [1]. The next step combines these beams in a single beam
with quadrature squeezing across an equal number of transverse modes. Effectively, this means that the beam pres-
ents reduced quantum amplitude fluctuations /ocaly at any point of the beam tranverse profile.

We describe the theory underlying this process along with our first experimental results, and possible ap-
plications of the generated multi-spatial-mode squeezed light, e.g. super-resolution imaging beyond the standard
quantum limit.
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A state-insensitive, compensated nanofiber trap

A. Goban!* K. S. Choi'? D. J. Alton!, D. Ding!, C. Lacroute', M. Pototschnig!
J. A. M. Silva!, C. L. Hung', T. Thiele!, N. P. Stern!, and H. J. Kimble'

1. Quantum Optics Group, California Institute of Technology, Pasadena, CA, USA
2. Spin Convergence Research Center, Korea Institute of Science and Technology, Seoul, Korea
*agoban@caltech.edu

An exciting frontier in QIS is the integration of quantum elements into quantum networks [1]. Single atoms
and atomic ensembles endow quantum functionality and the capability to build quantum networks. Following the
realization of a nanofibertrap [2], we have implemented an optical trap that localizes single Cs atoms = 215 nm
from surface of a nanofiber [3]. By operating at magic wavelengths for counter-propagating red- and blue-detuned
trapping beams, differential scalar light shifts are eliminated, and vector shifts are suppressed by = 250. We mea-
sure an absorption linewidth I'/2z = 5.7 + 0.1 MHz for the Cs 6S,,,,F =4 — 6P,,,F’ =5 transition, where
I'y/2z = 5.2 MHz in free space, and an optical depth of d = 66, corresponding to d, = 0.08 per atom. The band-
width for reflection from the 1D array scales linearly with the entropy for the multiplicity of trapping sites. These
advances provide an important capability for quantum networks and precision atomic spectroscopy near dielectric
surfaces.
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Proposal for ion trap bosonic simulator

Hoi Kwan Lau* and Daniel F. V. James

Department of Physics, University of Toronto, Toronto, Canada
*hklau@physics.utoronto.ca

We propose two architectures to implement bosonic simulators using ion trap system. The first approach em-
ploys a linear array of ions trapped in a single harmonic well. Bosonic information can be encoded on the collective
phonon modes of the trapped ions. Single mode operation is conducted by sideband transition; linear beam splitter
can be implemented by Raman interaction. The second approach simulates bosonic modes by the motional modes
of individually trapped ions. Single mode linear operators, nonlinear phase operator, and linear beam splitter can
be simulated by precisely controlling the trapping potentials. All the processes in this approach can be conducted
beyond the Lamb-Dicke regime. In both architectures, quantum information can be extracted by adiabatic transfer,
post-selection, or sideband transition. Interesting linear bosonic phenomena, such as the Hong-Ou-Mandel effect,
can be implemented by today’s technology.
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Effects of interactions on the quasiperiodic kicked rotor
metal-insulator transition

Benoit Vermersch!, Dominique Delande?, and Jean Claude Garreau'*
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In a disordered potential, the diffusive transport of non-interacting particles can be inhibited by quantum in-
terference effects, a phenomenon known as Anderson localization [1]. In 3 dimensions, there exists a quantum
phase-transition between localized (insulator) and diffusive (metal) dynamics. A long-standing question is the ef-
fect of interactions on such dynamics. We investigated this problem numerically using a “quantum simulator” of
the 3D Anderson model, the quasiperiodic kicked rotor, recently used for precise experimental measurements of
the critical exponent [2]. Interactions are included using a mean-field approximation, and their effect on the phase-
transition quantified: Interactions progressively shift the corresponding critical exponent from 1.6 (corresponding
to the orthogonal universality class) to 1, characteristic of the self-consistent theory of the Anderson transition. For
strong enough interactions, multifractality is transitorily suppressed.
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Spin-orbit coupling induced instability of Raman dressed
states
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Spin-orbit coupling brings distinctive character to Raman-dressed ultra-cold atom systems. In this work, we
systemically study the decay behavior of a spin-orbit coupled Bose-Einstein condensate of *’Rb atoms prepared in
a metastable dressed state, and quantitatively examine the respective effects of two underlying decay mechanisms:
single-atom spatial motion and two-atom collision. The agreement between experimental results and theoretical
calculations strongly support the statement that the spin-orbit-coupling-induced decay is generally dominated by
two-atom collisions. Our work would be helpful for both experimental simulations involving metastable dressed
states and dark state with spin-orbit coupling.
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Flux lattices and topological flat bands in dipolar spin
systems

Norman Y. Yao'*, Chris Laumann'?, Alexey V. Gorshkov?, Steven D. Bennett!
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Topological flat bands provide a fascinating route to the realization of fractional topological insulators and
anomalous quantum hall states. Here, we provide the first microscopic description of a physical system, which
naturally realizes such bands. In particular, we consider a generic two-dimensional lattice system of tilted, interact-
ing dipoles and demonstrate that such a system harbors single-particle bands with non-trivial topology as well as
a quenched kinetic energy relative to the interaction scale. Moreover, we demonstrate that such systems naturally
enable uniform arbitrary 7t/ N (for all N € Z) flux per plaquette, allowing for the realization of a high-field fractional
quantum Hall regime where the flux quanta per lattice cell is large. We propose an experimental realization with
polar molecules in optical lattices.
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Rydberg crystals

R. M. W. van Bijnen*, S. Smit, E. J. D. Vredenbregt, and S. J. J. M. F. Kokkelmans

Eindhoven University of Technology, The Netherlands
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Ultracold atomic gases provide a rich playground for realising textbook examples of condensed matter phe-
nomena. A recent novel direction is the creation of crystalline structures of highly excited Rydberg atoms, which
can be a model for dilute metallic solids with tunable parameters, and provide access to the regime of strongly
coupled systems. In practice, crystal creation is made difficult by the ’Rydberg blockade’, where one atom in the
Rydberg state shifts the energy levels of thousands of its neighbours out of resonance with the excitation laser. By
careful shaping of the excitation laser pulse, we exploit the blockade effect and show how to create large, crystal-
line structures [1].
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Optical lattice based quantum simulators for relativistic
field theories

Nikodem Szpak

Universitdit Duisburg-Essen, Germany
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We show how (discretized) relativistic field theories emerge from the low energy regime of optical lattice sys-
tems loaded with ultra-cold atoms. In particular, we demonstrate a general mechanism of mass generation on the
lattice and the apearance of pseudo-relativistic energy-momentum relation for quasi-particles, known for several
particular systems. Our goal is to present the underlying mechanisms from a unified perspective, applicable for gen-
eral Hubbard-like Hamiltonian systems, including also crystalline materials like graphene. We complete by giving
examples in different geometric settings.
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Collisions involving nD + nD Rydberg states in a dipole
trap

Jader Cabral*, Jorge K. Massayuki, Luis F. Gongalvez, and Luis G. Marcassa
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*iscabral@ursa.ifsc.usp.br

We have studied nD + nD multilevel pairwise interactions between Rydberg atoms in a magneto-optical trap,
and our results have shown that the electric field plays an essential role in the interaction dynamic [1,2]. In this
work, our goal is to study the nD + nD interaction in a higher density cold sample in a dipole trap. Therefore, we
have loaded a QUEST trap for Rb using a CO, laser. The dipole laser beam is focused to a spot size (1/e?) around
70 um. For 75 W laser power, the QUEST depth is ~ 730uK and the density sample is arround 4 x 10! atoms/cm®.
The nD Rydberg states are excited using a CW blue light (480nm) with IMHz of linewidth. During the presentation
we will show our first results on the nD + nD interactions in a CO, optical trap.
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A system to study anisotropy in interactions between cold
Rydberg atoms

Jorge D. M. Kondo*, Luis F. L. Gongalves, Jader S. Cabral, and Luis G. Marcassa
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The comprehension of interactions between cold Rydberg atoms plays an important role on quantum computing
experiments using such atoms. Stray electrical fields are common in different types of atomic traps, and may lead
to decoherences [1] and anisotropies. Recently, our group has built a new setup to study Rydberg interactions using
a QUEST optical dipole trap to confine neutral rubidium atoms. The Rydberg atoms are excited from the 5P state
using a CW homemade second harmonic generation system at 480 nm. An elaborated system of metallic plates and
bars allow us to control very well the value and direction of an external electric field at atomic trap, which allows us
to define a quantization axis for the collisions. Our goal is to study the anisotropy of nD+nD collisions in this sys-
tem as a function of the angle between the electric field and the collisional axis. Preliminary results will be present.
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Near-threshold Feshbach resonances

Frauke Schwarz, Tim-Oliver Miiller, and Harald Friedrich*

Physik Department, Technische Universitdt Miinchen, Garching, Germany
*harald.friedrich@tum.de

The formula a=a,, [1+AB/(B-B,)] is often used to describe the pole singularity of the scattering length @
when a Feshbach resonance is tuned across the threshold of an atom-atom potential by varying the strength B of
an external field [1, 2]. The parameters a,,, B, and AB are to some extent inter- dependent and their relation to the
underlying properties in the open and the closed channel is not clear.

The following universally valid formula [3] for the scattering length transparently identifies properties of the
uncoupled open channel and the effects arising from coupling to the closed channel:

— _ — — ~1
a= [abg + —FE/ 2 [a a"gb_ - bﬂ{l + —FE/ 2 (a"gb_ a4 ﬂ :
R R

@y, € (—o0,+0) is the scattering length of the uncoupled open channel; @ and b are invariant lengths depending
only on the open channel’s potential tail; £y is the resonance position, which can be tuned, e.g. as function of B,
while I is an energy-independent width due to the channel coupling.
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Quantum mixtures of lithium and ytterbium atoms

A. H. Hansen*, A. Khramov, A. Jamison, W. Dowd, B. Plotkin-Swing, and S. Gupta

University of Washington, Seattle, USA
*ahhh@washington.edu

Mixtures of alkali and spin-singlet atoms offer new studies of few- and many-body physics, and a starting point
for producing paramagnetic polar molecules. We have recently produced quantum degenerate mixtures of lithium
(alkali) and ytterbium (spin-singlet) atoms [1, 2]. Here we investigate a three-component mixture of bosonic '"Yb
atoms and two resonantly-interacting, fermionic °Li spin states. We observe dynamics of °Li, Feshbach molecule
formation and decay, as modified by a third, non-resonant component, and find remarkable molecule stability even
in the absence of Fermi statistics, with a dominance of elastic interactions at unitarity. In a separate study, we dem-
onstrate species-selective spatial control of °Li and '"*Yb, using magnetic field gradients. This technique can miti-
gate differential gravitational sag in mass-imbalanced mixtures, and may realize a spatially-resolved, microscopic
probe. Finally, we report on progress towards forming the paramagnetic polar molecule LiYb.
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Dicke modelling of many-body interactions in a cold
Rydberg gas
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Atoms excited to Rydberg states are highly polarizable and, therefore, can interact strongly with each other at
large distances, via dipole or van-der-Waals interactions. These interactions make them attractive candidates for
studies of strongly correlated systems and the implementation of quantum logic gates. A key signature of interac-
tions between Rydberg atoms is the suppression of fluctuations of the dipole-blockaded excitations, that we have
investigated in a R bMOT. Because a quantum mechanical treatment containing the states of all the atoms ina MOT
is not feasible, our results are analysed using an original theoretical model based on the well established Dicke
model of quantum optics. The Dicke model is modified by including the van der Waals interactions between the
Dicke collective states. This approach leads to a manageable size of the basis set for the simulations. The Dicke
state model includes statistical fluctuations and hence gives access to the complete counting statistics, in particular
the measured variance of the Rydberg excitations.

This work was supported by the E.U. through grant No. 265031-ITN-COHERENCE and the collaboration
between University of Pisa and University of Paris Sud-11.
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Study of mesoscopic clouds of cold atoms in the
interacting regime
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We present studies on cold and dense atomic *’Rb clouds containing N ~ 2 — 100 interacting atoms. We pro-
duced such mesoscopic ensembles by loading a microscopic optical dipole trap from a MOT. Due to 2-body light-
assisted collisions, we have found that in steady state such ensembles exhibit reduced number fluctuations with
respect to a Poisson distribution. For N > 2, we measured a reduction Fano factor /= 0.72 + 0.07 consistent with
the value F' = 3/4 predicted at large N by a general stochastic model [1, 2]. To enhance interactions between the
atoms, we are following two tracks. Firstly we evaporatively cooled a few hundreds of trapped atoms and obtained
~ 10 atoms close to quantum degeneracy (#4, ~1) in the microscopic trap. In this regime s-wave interactions
dominate (# = 2x10'* at.cm™). Secondly we sent near resonant light at a wavelength 4, on the small cloud (size /).
When / < 4,/2m, dipole-dipole interactions should lead to collective behaviour.
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Creating and probing photonic molecules: a progress
report
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In this work we describe different effects of two-photon interaction with cold colliding atoms. The first effect is
related to two-photon cooperative absorption, which is being presented in another contribution [1, 2]. The second
effect is related to a new way of creating bound states using two-photon atom interaction. The idea is that during
a collision of two sodium atoms, occurs a two, distinguishable, photon interaction. The first (second) absorption
of a red (blue) detuned photon connecting the pair ground state (3S,,13S,,,) to the attractive (repulsive) part of the
quasi-molecular level (3S,,+3P;,). If the light fields are strong enough the atoms will be dressed by the two pho-
tons, creating a molecular bound state which is completely dependent of the light fields. Following calculations, of
the shape of the potential, we have studied the role of the attractive and repulsive channels present in the processes,
as well as made the first attempt to detect those bound states.
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Very low-energy metastablity exchange in Argon studied
by a pulsed merging beam technique
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The resonant metastability exchange between co-propagating polarized metastable atoms Ar* (*°P,, M =+2) and
ground state atoms of a nozzle beam, at centre-of-mass energies ranging from 0.9 to 5 meV, is investigated using a
pulsed regime and a time-of-flight technique. Polarized metastable atoms are slightly slowed down by the transient
effect of a Zeeman slower driven by an acousto-optic modulator. Very low centre-of-mass energies are accessible
owing to the “kinematical contraction” usually realized in merging beam experiments [1,2]. Owing to a chopper
disk holding 2 neighbouring slits, 2 successive packets F,, F, of fast ground state atoms Ar (velocity v,) and 2 pack-
ets S, S, of slow metastable atoms Ar* (velocity v¥*) are prepared. The delay is such that atoms Ar of F, overtake
atoms Ar* of S, before reaching the detector. The velocity of exchanged Ar* atoms passes from v* up to v,. The
process is identified by time-of-flight analysis and the total exchange cross section o, is derived. Theoretically o,
involves 2g and 2u molecular potentials of the Ar,* system [3].

References

[1] See e.g. K. Olamba, S. Sziics, J. P. Chenu, El Arbi Naji and F. Brouillard , J. Phys.B : At. Mol. Opt. Phys. 29, 2837 (1996).
[2]7J. Grucker et al., J. Phys.B : At. Mol. Opt. Phys. 41, 021001 (2008).

[3]1J. Robert, Thése de 3¢ Cycle, Université Paris Sud (1982).

Atomic interactions... Th-158

2D holographic optical lattices for single atoms
manipulation
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Two-dimensional lattices of single atoms are a promising environment allowing fine control of the atomic in-
teractions in a mesoscopic ensemble. We propose an experiment to study the long range dipole-dipole interactions
in the system working in the Rydberg blockade regime. The versatility of holographically generated 2D arrays of
single atoms should allow us to achieve arbitrary geometries as well as site-to-site addressability, thus enabling the
tunability of the interactions within the system.
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Intensity noise filtering via electromagnetically induced
transparency

Sang Min Lee, Hee Jung Lee, and Han Seb Moon*
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We report on intensity fluctuation reduction of the intensity modulated probe laser via electromagnetically
induced transparency (EIT) in the 5S,,-5P,, transition of the L-type system of the ¥Rb atom. When the EIT was
performed with the amplitude modulated probe laser, EIT spectra have been investigated as a function of the modu-
lation frequency. As the amplitude moduation frequency of probe laser increased from 1 kHz to 50 kHz, the modu-
lation depth in the EIT window decreased significantly compared with the lower frequency modulated EIT. The
modulation amplitude reduction in the EIT window could be understood as the Fourier transformation of intensity
modulation to frequency modulation. When we analyzed the RF frequency of the amplitude modulated probe laser
passing through the EIT medim using a RF spectrum analyzer, the modulation freqeuncy component was reduced
via the dense EIT medium. In this presentation, we show that the dense EIT medium may apply to not only optical
frequency filtering but also optical amplitude filtering [1-2].
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Laser-controlled adsorption of atoms on dielectric
surfaces
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A technique to control with laser the growth of an alkali metal film at a gas — dielectric interface has been de-
scribed some years ago, which involves manipulating the atomic adsorption with light frequency near the D2 reso-
nance of an alkali vapor [1]. Nevertheless, the physical mechanisms have not yet been understood. We describe here
systematic experiments to investigate this process at the atomic level. Our results indicate that resonant three-pho-
ton ionization is a necessary step, increasing the atom-surface attraction relative to usual fluctuating dipole-induced
van der Waals forces. We hope those results will help improve lithographic techniques in a gaseous environment.
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“Exotic” magnetically tunable feshbach resonances in
ultracold mixtures of open-shell and closed-shell atoms
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Molecules with non-zero magnetic and electric dipole moments are extremely interesting for novel applica-
tions in quantum informatics or experimental measurements of magnitude of eEDM. Obvious candidates for such
molecules are mixtures of laser-coolable closed-shell atoms (eg. Yb) with open-shell atoms (alkali-metal atoms,
Cr, lanthanides). Recently, a new mechanism which drives Feshbach resonances in systems like RbSr and LiYb
were found. However, such Feshbach resonances are extremely narrow: predicted widths are very small compared
to resonant field values (% ~107), which limits their application. This dramatically contrasts with the case dis-
cussed here. h

We present entirely new mechanism which might be much more promising for formation of paramagnetic, po-
lar molecules. We focus on mixture of ultracold Cr and Yb atoms. These atoms could form a molecules with huge
magnetic moment of 6y, and dipole moment of 0.1-0.2 D. If both atoms approach each other, anisotropic spin-spin
interaction appears in interaction-distorted Cr atom. Such effect can be as large as 0.5 cm™ near R, (3.4 A). This
is enough to produce the Feshbach resonances at magnetic fields below 150 G, typically as broad as 0.1-1G (for
magnetically ground states of Cr atoms, for any isotopic mixture of CrYb).

Because of large coupling and small fields at which resonances occur, the ratio i can be even 4 orders of
magnitude larger than in alkali-metal atom — closed-shell atom mixtures.
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Vortices in the final-state continuum of a positron-atom
ionization collision
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We employ a continuum distorted wave (CDW) approximation with the correct kinematics to calculate the
probability flux of the final-state continuum in the ionization of atoms by positron impact. Different structures
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,
we discuss this finding in the framework of Madelung’s hydrodinamical and de Broglie - Bohm formulations of
Quantum Mechanics.
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Threshold resonances in ultracold chemical reactions
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We extend our previous work on ultracold reactive scattering of D + H, [1] to study the role of resonances on
cross sections and rate coefficients, by scaling the mass of the system. We analyze the effects of near threshold
resonances on the low energy behavior of cross sections for reactive scattering systems with reaction a barrier
(e.g. C1+ H,, D + H,). We find an anomalous behavior when a resonance pole is very close to the threshold of the
entrance channel. For inelasticprocesses, including reactive ones, the anomalous energy dependence of the cross
sections is given by ¢ ~ E*2. However, at vanishingly low energies, the standard Wigner’s threshold behavior
(o ~ E"'?) is eventually recovered, but limited to a much narrower range of energies. When the cross sections are
averaged to obtain rate coefficients, the anomalous behavior persists; indeed, we find an intermediate regime of
ultralow temperatures, where the inelastic rate coefficients behave as K ~ 1 / 7, before recovering the Wigner re-
gime’s constant rate.
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Break up of Rydberg superatoms via dipole-dipole
interactions

S. Mobius, M. Genkin*, S. Wister, A. Eisfeld, and J. M. Rost
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We investigate resonant dipole-dipole interactions between two Rydberg-blockaded atom clouds. The Rydberg
blockade leads to collective states, sometimes called ’superatoms’, in which all atoms within a cloud share a co-
herent single Rydberg excitation. Recent articles [1-4] have demonstrated the potential of Rydberg aggregates as
a medium for quantum transport. Here, we address the possibility to extend single atom sites to sites of Rydberg-
blockaded clouds. It is found that in such a setup the dynamics is akin to an ensemble average over systems where
just one atom per cloud participates in entangled motion and excitation transfer, and no collective motion of all
atoms occurs. The dipole-dipole interaction thus *breaks up’ the superatoms by removing the excitations from the
clouds. Collective motion of superatoms, however, becomes possible if additional coupling between ground state
atoms is induced via far-detuned laser dressing.
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Relativistic Rayleigh scattering and photoeffect from
K-shell bound electrons

A. Costescu'?, S. Spanulescu'-*, and C. Stoica®
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We perform a relativistic analytical calculation of the second-order S-matrix element in the case of the elastic
scattering photons from K-shell electrons using the Coulombian Green function method. We used the integral
representation of the Green function for Dirac equation with Coulomb field due to Hostler [1], taking into account
the main, the first and the second iteration terms as well as the expression of the particular relativistic Coulombian
Green function given by Martin and Glauber [2]. Exact Dirac spinors for the bound K-shell electrons are considered
for calculating the transition amplitudes. Thus, our analytical formulae for the angular distribution are relativistic
exact up to the order (aZ)* for the real part and (aZ)’ for the imaginary part of the elastic scattering amplitudes. Our
method is valid for any values of the photon energy, nuclear charge Z and scattering angle 0, i.e. for any realistic
physical case. The relativistic angular distribution is rather simple, involving three Appell functions F,. The imagi-
nary part of the forward scattering amplitude also gives the photoeffect, pair production (via the optical theorem)
and the electron capture (via the detailed balance principle) total cross-sections.

The work of C. Stoica was supported by the grant POSDRU/89/1.5/S/58852 co-financed by ESF.
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Theory of long-range photoassociation of ultracold atoms
with ultracold molecules
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As dense samples of ultracold bi-alkali molecules are available, their association with an excited ultracold atom
to create triatomic molecules is now under reach. We present a model for atom-molecule photoassociation (PA)
based on the long-range multipolar interactions between the partners, which have been shown quite complex due
to the competition between the rotational energy of the molecule and the internal energy of the atom [1, 2]. We first
investigate the long-range couplings between the various entrance channels of the process, and their effect on the
energy level spectrum of the excited atom-molecule complex. A preliminary estimate for the PA is derived, based
on a one-dimensional approach of the collision between the atom and the molecule in a defined rovibrational level.
Possible ways to detect the atom-molecule association will be discussed.
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Elastic S-wave scattering of low-energy electrons by
metastable helium atoms
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Excited atoms, particularly those in metastable states, have large scattering cross sections. Thus, even if a small
amount is present in a discharge environment, large scattering cross sections, high dipole polarizabilities, and low
excitation and ionization potentials can dramatically affect the behavior of the discharge. In this work, the elastic S-
wave quartet scattering of low-energy electrons from metastable helium atoms is studied by the confined variational
method [1, 2]. The method exploits the theory that two Hamiltonian operators having the same long-range potential
give rise to the same phase shifts for the same energy upon removal of the confining potential. An initial verification
is performed on the elastic scattering of electrons by a model potential. Then the stochastic variational method is
used to determine the energies of the confined e—He(23S¢) system and the phase shifts of the elastic scattering are
determined with the use of one-dimension potentials.
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Cooling of large molecules for FTMW spectroscopy

David Patterson* and John M. Doyle

Harvard University, Cambridge, MA
*dave@cua.harvard.edu

Large, gas phase molecules, including benzonitrile, 1-2 propanediol, and fluorene are collisionally cooled in a
cell to a temperature of 5 K and detected via Fourier transform microwave spectroscopy (FTMW). Helium buffer
gas cools the molecules, which originate from a high flux room temperature beam. We see no evidence of helium-
molecule clustering, as expected in this unique, low helium density environment. This method offers comparable
spectral resolution to existing seeded pulsed supersonic beam/FTMW spectroscopy experiments but with higher
number sensitivity. It is also an attractive tool for quantitative studies of cold molecule-helium and molecule-mol-
ecule elastic and inelastic collisions at low energy. Possible adaptions of the technique are presented. These would
allow this system to serve as a sensitive broad spectrum mixture analyzer, an enantiomer-specific detector of chiral
molecules in a mixture, a high resolution slow-beam microwave spectrometer, and/or a low-velocity, high-flux
source for molecule slowing experiments. The 5 Kelvin flourene (C,;H,,) observed here represents the largest cold
gas phase molecule observed in a non-moving frame [1, 2].
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Toward optical loading of CaH into a magnetic trap
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Producing cold, chemical diverse molecules in a large quantity can have a profound impact in various fields,
including quantum simulation, cold, controlled chemistry, and precision measurements. Here, we report the prog-
ress toward loading a very slow CaH molecular beam into a deep magnetic trap, by employing optical pumping
techniques. A cold, slow CaH beam is produced from a two-stage buffer gas cell [1] and has a forward velocity of
65 m/s (longitudinal and transverse velocity spreads are 40 m/s and 50 m/s, respectively). A hexapole magnetic
lens is used to focus the molecular beam to the 4T deep magnetic trap, locating at 30 cm from the source. When
the molecules reach the trap area, we plan to apply two optical pumping lasers at the saddle point and near the trap
center to achieve irreversible loading and magnetic deceleration. A Monte Carlo simulation indicates this loading
process can load = 0.1% of the molecules that exit the beam source into the trap. Since only a few photon scatter-
ing is needed to achieve loading, this method is applicable to a wide range of magnetic molecules, including those
without closed cycling transitions. Continuously loading to build up the molecular density is feasible. We plan to
co-load CaH with Li atoms to study cold CaH-Li collisions and investigate the feasibility of sympathetic cooling
of CaH [2].
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A permanent magnet trap for buffer gas cooled atoms and
molecules

D. M. M. Nohlmans, S. M. Skoff, R. J. Hendricks, N. Bulleid, D. M. Segal, B. E. Sauer, E. A. Hinds,
and M. R. Tarbutt
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Cold molecules are set to provide a wealth of new science compared to their atomic counterparts [1], pre-
dominantly due to their vastly richer structure as a result of rotational and vibrational energy levels. Here we want
to present preliminary results for cooling and trapping molecules in a permanent magnetic trap. By replacing the
conventional buffer gas cell [2] with an arrangement of permanent magnets, we will be able to trap a fraction of
the molecules right where they are cooled. For this purpose we have designed a quadrupole trap using NdFeB
magnets, which has a trap depth of 0.4 K for molecules with a magnetic moment of 1 . Cold helium gas is pulsed
into the trap region by a solenoid valve and the molecules are subsequently ablated into this and cooled via elastic
collisions. First we will test the trapping arrangement with lithium atoms as they are easier to make. After having
optimised the trapping and detection processes, we will use the same trap for YbF molecules.
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Collisions of ultracold molecules - beyond the universal
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Accurate description of quantum degenerate molecular gases, that have been realized experimentally [1,2],
constitutes a challenging task from theoretical point of view. Understanding of two body collisions is an essential
step towards the full comprehension of such a system. We analyse the problem within the quantum defect theory [3]
framework. Our calculations are in agreement both with ultracold s-wave limit [4] and high temperature classical
regime. Finite temperature effects are described for the van der Waals interaction. Shape resonances contribution
to reactive rates is discussed. We also develop a quantum analytical approximation for moderate and high energies,
which predicts quantum corrections even for room temperatures.
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Sisyphus cooling of polyatomic molecules
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Interest in ultracold polar molecules has experienced tremendous growth in recent years, with potential ap-
plications reaching beyond those of ultracold atoms due to additional internal degrees of freedom and long-range
dipole-dipole interactions. Developing methods to prepare the required ensembles of ultracold molecules has been
a formidable challenge. To this end, we have now achieved first results with opto-electrical cooling [1], a general
Sisyphus-type cooling scheme for polar molecules. Molecules are cooled by more than a factor of 4 with an in-
crease in phase space density by a factor of 7. The scheme proceeds in an electric trap, and requires only a single
infrared laser with additional RF and microwave fields. The cooling cycle depends on generic properties of polar
molecules and can thus be extended to a wide range of molecule species. Ongoing improvements in our trap design
will allow cooling to sub-mK temperatures and beyond, opening wide-ranging opportunities for fundamental stud-
ies with polyatomic molecules at ultracold temperatures.
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Optical trapping wavelengths of bialkali molecules in an
optical lattice
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The present work aims at finding optimal parameters for trapping of bialkali molecules in optical lattices, with
the perspective of creating a quantum degenerate gas of ground-state molecules. We have calculated dynamic
polarizabilities of bialkali molecules subject to an oscillating electric field, using accurate potential curves and
electronic transition dipole moments. We show that for particular wavelengths of the optical lattice, called “magic
wavelength”, the polarizability of the ground-state molecule is equal to the one of the Feshbach molecule. As the
creation of the sample of ground-state molecules relies on an adiabatic population transfer from weakly-bound
molecules created on a Feshbach resonance, such a coincidence ensures that both the initial and final states are
favorably trapped by the lattice light, allowing optimal transfer in agreement with experimental observation.
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Laser cooling molecules
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Laser cooling is a simple technique routinely used to cool atoms down to temperatures in the mK range. As the
presence of a closed transition is essential for the cooling to work, laser cooling is usually not tractable in molecules
due to their complex structure. Molecules can rotate and vibrate and usually only scatter a few photons before they
end up in a dark state. In particular, the molecule often changes a vibrational state in the absorption-emission cycle.
Recently, a whole class of polar molecules (e.g. CaF, SrF, BaF and TiO) has been shown to possess a highly diago-
nal Franck-Condon matrix, which makes them viable candidates to be laser cooled.

We demonstrate a scheme for laser cooling of a supersonic beam of CaF and SrF radicals. The Franck-Condon
factor for the relevant transition makes it possible for the molecules to scatter 10* photons with only one or two
vibrational repump lasers. We show evidence of longitudinal slowing and cooling in CaF and beam brightening
and cooling in SrF.
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Spectroscopic investigation of the A 'z*, 3 '2*, 1 N, 2 3%*,
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By combining molecular beam (MB) spectra with two distinct sets of ultracold molecule spectra (UM+ and
UM-), we have successfully assigned the mutually perturbing 4 'X*, 3 'X*, 1 'TI, 2 %", and b °II states of ultracold
¥K*®RD in the region 11,000-12,000 cm™ above the ground state dissociation limit. The UMs are formed by radia-
tive decay following photoassociation to a specific level of the 3(0) state (UM+) or the 3(0°) state (UM-). For the
MB spectra, cold *K*Rb molecules were formed in the X'T*, v” = 0 ground state. The UM+ and UM~ spectra are
quite similar, except that the 4 and 3 'X* states can occur only in the UM+ spectra. The other three states occur in
both the UM+ and UM- spectra. Similar investigations in other energy regions appear promising for characterizing
perturbations all the way up to the dissociation limit. We also show that a multiplicative combination of MB and
UM spectra, with an offset appropriate to the binding energy of the lower levels, can determine optimal paths for
STIRAP, even when spectral assignments are not yet available.
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Measurements and calculations of molecule formation by
nanosecond-timescale frequency-chirped pulses
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We report on measurements and quantum calculations of ¥Rb, formation by pulses of frequency-chirped light
on the nanosecond timescale. The experiment starts with cold atoms in a magneto-optical trap and uses frequency-
chirped photoassociation near the dissociation limit to produce excited molecules. Some of these molecules sponta-
neously decay into high vibrational levels of the ground state and are detected by pulsed-laser ionization. Our chirps
typically sweep 1 GHz in 100 ns and the pulses are 40 ns wide. The time-dependent photoassociation is modeled
by following the dynamics of the collisional wave functions on both ground-state and excited-state potentials in
the presence of the chirped light. Because of the relatively long time scales involved, spontaneous emission from
the excited state must be accounted for. Dependencies on pulse intensity and chirp direction will be presented. This
work is supported by DOE.
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Laser cooling of dense gases by collisional redistribution
of radiation
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We study laser cooling of atomic gases by collisional redistribution of fluorescence, a technique applicable to
ultradense atomic ensembles of alkali atoms at a few hundred bar of buffer gas pressure [1, 2, 3]. The cooled gas has
a density of more than ten orders of magnitude above the typical values in Doppler cooling experiments of dilute
atomic gases. In frequent collisions with noble gas atoms in the dense gas system, the energy levels of the alkali
atoms are shifted, and absorption of far red detuned incident radiation becomes feasible. The subsequent spontane-
ous decay occurs close to the unperturbed resonance frequency, leading to a redistribution of the fluorescence. The
emitted photons have a higher energy than the incident ones, and the dense atomic ensemble is cooled. We here
report on recent experiments of a Rb-noble gas mixture. For the future, we expect that redistribution laser cooling
can also be applied to molecular gas samples.
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Antihydrogen production by two stage charge exchange
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Antihydrogen ( H ) atoms are produced via laser-controlled, two-stage charge exchange in a cryogenic
Penning trap. 6x10° antiprotons ( p ) and 3 x 108 positrons (e*) are held in a nested well potential structure. Cs* at-
oms, produced via laser excitation within the cryogenic Penning trap travel, radially across the trap and through the
¢" plasma to produce Ps*. The Ps* atoms are produced isotropically, with some atoms moving along the axis of

the Penning trap and interacting with the cold p via a second charge exchange to form potentially very cold H.

H formation is detected by comparing the p annihilation counts with Cs excited to the Rydberg state to those
obtained when the Cs remains in the ground state.
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Absorption imaging of laser cooled trapped ions
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Absorption imaging has played a key role in the advancement of science from van Leeuwenhoek’s discovery
of red blood cells to the observation of dust clouds stellar nebula. Here we show the first absorption image of a
single atom isolated in vacuum through the absorption of photons resonant with the 370 nm S, to P,,, transition
in Yb" [1]. The optical properties of atoms are well understood making this system ideal for fundamental tests of
quantum physics. We have observed image contrasts of 3.1(3)%, the maximum allowed by quantum theory for our
system. The imaging resolution was on the order of the illumination wavelength, close to the best image resolution
achievable [2]. The image contrast and resolution were far higher than previous work in single molecules [3] in
which contrasts of only a few parts per million was obtained. Using this technique we will show work towards a
single atom optical modulator which exploits the nonlinear saturation effect of atomic absorption.
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Laser cooling to quantum degeneracy
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We present Bose-Einstein condensation (BEC) of strontium by laser cooling. So far, every cooling method
capable of reaching BEC in dilute gases, relied on evaporative cooling as the last, crucial cooling stage. Laser
cooling to BEC has been strongly discussed middle of the *90s, but the experimental capabilities of that time were
insufficient to reach that goal. Strontium’s unique properties, especially its narrow intercombination line, allow us a
new approach. Laser cooling using this narrow line is ableto cool strontium atoms to a temperature below 1pK and
a phase-space density of ~ 0.1. Further increase of the phase-space density is hindered by reabsorption of photons
scattered during laser cooling. We have developed a method with which we can tune the atoms in a small spatial
region of a laser cooled sample far out of resonance with the cooling light, overcoming this limitation. To support
the sample against gravity, it is held in an optical dipole trap. To increase the density of the gas in the region where
it is protected from cooling light, we locally create a deeper dipole potential, into which atoms accumulate by
elastic collisions. BECs of 100 thousand atoms are created on a timescale of 100 ms. To demonstrate the cooling
power provided by laser cooling, we repeatedly destroy the BEC by locally heating it and observe the formation of
anew BEC for more than thirty heating/cooling cycles. It should be possible in a simple way to generalize this new
method in order to produce a continuous BEC.
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We present an all-solid-state laser source emitting up to 2.2 ,W of narrowband 671-nm light, frequency-locked
to the lithium D-line transitions for laser cooling applications. It consists of a solid-state Nd:Y VO, ring laser emit-
ting at 1342 nm, with intra-cavity frequency doubling using periodically-polarized potassium titanyl phosphate
(ppKTP).

The key issue for power scaling of the setup presented in [1] is the minimization of detrimental thermal effects
in the Nd:YVO, by choosing and alternative pump wavelength as well as the crystal doping and length. Optimiza-
tion of the spatial overlap between the pump beam and the cavity mode resulted in an output power of 2.5 W of the
non-doubled laser. We obtain mode-hope-free tuning over more than 6 GHz. Furthermore, we observe self-mode-
locking when detuning the phase-matching of the nonlinear crystal by adjusting the temperature of the crystal suf-
ficiently far from the optimal value for doubling.
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Fiber optical tweezers for single atom trapping

Sébastien Garcia, Dominik Maxein, Leander Hohmann, Jakob Reichel, and Romain Long

Laboratoire Kastler Brossel, CNRS/UPMC/ENS, Paris, France
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Trapping and manipulation of single atoms is one of the key elements in quantum optics and quantum infor-
mation. To achieve single atom trapping, a well-established technique is to use a tightly confining dipole trap.
However, the complexity and the size of the required optics makes integration and scalability quite challenging.
Our approach is to simplify and to miniaturize atom tweezers by using a single-mode fiber fixed to a small aspheric
lens. This simple pre-aligned system, placed inside a small all-glass vacuum cell, traps the atom in the collisional
blockade regime and collects the fluorescence of the atom. We present experimental results on single atoms trap-
ping in our dipole trap, especially photon-antibunching in the fluorescence of single atoms. We chop the dipole light
in order to get during the dark phase a free single-atom with no light shift and to avoid the generation of resonant
photons by Raman scattering of the trapping light inside the fiber. We discuss current efforts towards using our
single atoms as a single photon source with good indistinguishability and towards pursuing miniaturization and
integration of our atom tweezers.
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Small crystals in Penning traps

Sandeep Mavadia*, Shailen Bharadia, Daniel Crick, Joe Goodwin, Graham Stutter, Daniel Segal,
and Richard Thompson

Blackett Laboratory, Imperial College London, London SW7 24Z, UK
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Ion traps allow controlled coherent interactions with individual particles over long periods and let ions form
stable three dimensional crystals at low temperatures. For small numbers of ions the crystals form simple structures
such as linear strings [1] and tetrahedral pyramids [2] but for larger numbers, the ions can be made to form regular
crystalline structures [3]. Their shape is determined by the trapping frequencies and the magnitude of the magnetic
field used. We image different crystal configurations for small numbers of ions in a Penning trap and have made
progress towards resolved sideband spectroscopy. The large magnetic field used in the trapping poses some chal-
lenges; we use a high frequency modulator to simplify the laser cooling in the presence large Zeeman splitting.

References

[1] D. R. Crick, H. Ohadi, I. Bhatti, R. C. Thompson, and D. M. Segal “Two-ion Coulomb crystals of Ca* in a Penning trap”,
Optics Express 16, 2351 — 2362, (2008).

[2] R. C. Thompson and D. C. Wilson “The motion of small numbers of ions in a Penning trap”, Z Phys D Atom Mol CI 42, 271
—2717, (1997).

[3] T. B. Mitchell, J. J. Bollinger, X.-P. Huang, W. M. Itano, and D. H. E. Dubin “Direct observations of the structural phases of
crystallized ion plasmas”, Phys. Plasmas 6, 1751 — 1758, (1999).

Th-184 Cooling and trapping...

Large single layer ion Coulomb crystals in a printed circuit
board surface trap

B. Szymanski*, B. Dubost, R. Dubessy, S. Guibal, J.-P. Likforman, and L. Guidoni
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We designed and operated a surface ion trap, with an ion-substrate distance of 500 um, realized with standard
printed-circuit-board techniques. The trap has been loaded with up to a few thousand Sr ions in a three dimensional
Coulomb-crystal regime. The analytical model of the pseudo-potential allowed us to determine the parameters
that drive the trap into anisotropic regimes in which we obtain large (N > 150) purely two dimensional (2D) ion
Coulomb crystals lying parallel to the surface of the substrate. Smaller single-layer crystal oriented in a plane or-
thogonal to the substrate have also been obtained. In both cases micromotion compensation along the three spatial
directions improved crystal stability. The single layer character of these Coulomb crystals has been checked by
using two independent imaging systems aligned along orthogonal directions. These crystals may open a simple and
reliable way to experiments on quantum simulations of large 2D systems [1, 2].
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Coherent manipulation of atomic velocities by atom
interferometry

Alex Dunning', Rachel Gregory', James Bateman?, and Tim Freegarde'*
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We are exploring a variety of schemes for the all-optical cooling and manipulation of clouds of atoms, using
arbitrarily-synthesized laser sidebands to drive stimulated Raman transitions between the ground hyperfine states
of #Rb. By combining velocity-selective atom interferometry [1] with the multi-photon impulses achievable with
trains of population-inverting m-pulses [2, 3], and using composite error-correction pulses borrowed from NMR
[5, 6], our experimental studies aim to demonstrate cooling processes that impart impulses of many %k between
spontaneous events and are therefore both faster and less dependent upon spontaneous emission than conventional
methods [4], rendering them suitable for species that are currently inaccessible because they lack a sufficiently
closed optical transition.
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Lithium as a refrigerant for polar molecules
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Gases of ultracold polar molecules offer exciting new possibilities in many areas, including precision measure-
ments [1], simulations of many-body quantum systems [2], and quantum information processing [3]. We aim to
cool polar molecules by sympathetic cooling with ultracold atoms inside a suitable trap [4]. This poster presents
our work on the production and transportation of a dense ultracold cloud of lithium for use as a refrigerant in
sympathetic cooling. Upto 10'° lithium atoms are loaded from a Zeeman slower into a magneto-optical trap. Using
a moving magnetic trap the atoms are transported to a separate chamber where they will later be co-trapped with
molecules. We present the design of our setup and our recent results on transport. We also explore the possibility of
electrically polarizing the lithium so that dipole-dipole interactions become important in the gas.
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On the behaviour of the MOT parameters

Sara Blunk Massardo' and André Luiz de Oliveira>**

1. Departamento de Fisica, Universidade Federal do Parana, Curitiba, PR, Brazil
2. Departamento de Fisica, Universidade do Estado de Santa Catarina, Joinville, SC, Brazil
3. Instituto Nacional de Optica e Foténica, INOF/CNPg, Brazil
*andre.oliveira@udesc.br

The knowledge of parameters in a magneto-optical trap is very important for doing improvements in a MOT
which could be used in very amount of applications like spectroscopy of atoms in ultra-high resolution, atomic
clocks and the study of Bose-Einstein condensate [1]. It also contributes to the study on highly excited state atoms.
We have revisited some of these parameters in a MOT like the spring constant, capture and escape velocity [2],
and simulate the behaviour of all of these parameters under the influence of an oscillating magnetic field. We also
perform our study by varying the phase angle in the oscillating magnetic field as a function of detuning, intensity
of the trap laser and the magnetic field gradient as well.
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Preparation of individually trapped atoms using light
assisted collisions
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We have used light assisted collisions to prepare an individual neutral atom in a red detuned optical microtrap.
When using blue detuned assisted collisions we load single ¥*Rb atoms with a maximum efficiency of 91% [1]. We
design a process in which atoms are lost one by one by transferring energy through inelastic collisions and, at the
same time, removing the excess of energy by laser cooling. The process ends when only one atom remains in the
trap. We have studied how the final loading efficiency depends on the beams parameters. The maximum loading
efficiency is obtained using a collision beam blue detuned by the trap depth over /4 from the DI F=2to F'=3
transition. We are able to complete the process within a total preparation time of 542 ms. When red detuned light
assisted collisions are used the process will be dominated by pair losses, thus increasing the probability of loading
zero atoms. Under this situation we are still able to load single atoms with an efficiency of over 60%.
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Rapid slowing of atoms and molecules using optical
bichromatic forces
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The optical bichromatic force (BCF) relies on coherent momentum cycling to produce extremely large de-
celerations [1]. We demonstrate a prototype BCF slower for an atomic beam of metastable helium that can slow
atoms by Av > 350 m/s injust a few cm, using only low-cost diode lasers. With minor improvements it is projected
to slow atoms to MOT loading velocities. The key is to utilize a modest detuning of 100-200 MHz together with
computer-controlled frequency chirping. We show thatfor He*, the usable range of detunings for fixed-frequency
BCF is limited to < 400 MHz.

We also consider the application of BCF slowing to molecules, for which the BCF could serve as a very useful
“force multiplier” that allows many stimulated cycles during each radiative lifetime. We show that for the near-
cycling A <> X and B < X transitions in CaF, slowing by Av = 150 m/s should be attainable with only a single
repumping laser [2]. Experimental tests are underway, with NSF support.
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Highly charged ions in an electrostatic ion beam trap
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The study of the dynamics of the ions inside an Electrostatic lon Beam Trap (EIBT) [1] shows that the stability
of the trapping is ruled by a Hill’s equation. This result suggests that an EIBT can be analogous with a quadrupolar
trap. We show how to plot stability diagrams for the EIBT, which is similar to the Ince-Strutt diagram of quadrupo-
lar traps. The parallelism between these two kinds of traps is illustrated by comparing experimental and theoretical
stability diagrams of the EIBT. The main difference with quadrupole traps is that the stability depends only on the
ratio of the acceleration and trapping electrostatic potentials, and not on the mass or the charge of the ions. All
kind of ions can be trapped simultaneously and since parametric resonances are proportional to the square root of
the charge/mass ratio, the EIBT can be used as a mass spectrometer of an infinite mass range. Experimental data
obtained with various ions show good agreement with the theory. We also present experimental observation of both
parametric and high-order motional resonances, predicted by the model. We currently study how to combine such
a trap with a Paul trap to decelerate and store ion beams with a kinetic energy of a few keV.
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Atom trap using Casimir interactions
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Trapping and guiding atoms close to surfaces is an open challenge that can potentially lead to miniaturized
atom-chip devices and strong atom-photon coupling, among its many other applications. The current techniques
are limited by background scattering and weak trapping potentials that can be easily overcome by surface forces at
short distances. Here, we propose a new scheme that leverages the strength of surface forces to make an atom trap
in the presence of an external drive. To achieve this, we take a two level atom out of equilibrium by weakly driv-
ing it to the excited state close to a half-dielectric space with Drude-Lorentz model for permittivity. The material
resonance and loss are such that the excited state of the atom interacting with the vacuum EM field modes sees a
large repulsive potential in the presence of a Rayleigh scattered drive, while the ground state has an attractive 1 / r*
potential leading to a position dependent detuning of the drive as a function of the atom-surface distance. We show
that dressing the atom in presence of a position dependent detuning gives a trap potential close to where the atom
is resonantly excited which goes as the Rabi frequency of the laser.

Reference
[1] Buhmann et al., Casimir-Polder Forces: A nonperturbative approach, Phys. Rev. A 70, 052117 (2004).

Th-192 From two body...

Hartree self-energy in unitary Fermi gases
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The Hartree energy shift is calculated for a unitary Fermi gas [1]. By including the momentum dependence of
the scattering amplitude explicitly, the Hartree energy shift remains finite even at unitarity. Extending the theory
also for spin-imbalanced systems allows calculation of polaron properties. The results are in good agreement with
more involved theories and experiments.
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Crossover trimers connecting continuous and discrete
scaling regimes
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For a system of two identical fermions and one distinguishable particle interacting via a short-range potential
with a large s-wave scattering length, the Efimov trimers [1] and universal trimers [2] exist in different regimes of
the mass ratio [1-3]. The Efimov trimers exhibit a discrete scaling invariance, while the universal trimers feature a
continuous scaling invariance. We point out that a third type of trimers, “crossover trimers”, exist universally re-
gardless of short-range details of the potential [4]. These crossover trimers have neither the discrete nor continuous
scaling invariance. We show that the crossover trimers continuously connect the discrete and continuous scaling
regimes as the mass ratio and the scattering length are varied. We identify the regions for the Kartavtsev-Malykh
trimers, Efimov trimers, crossover trimers, and non-universal trimers as a function of the mass ratio and the s-wave
scattering length by investigating the scaling property and model-independence of the trimers.
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Interaction enhanced imaging of individual Rydberg atoms
in dense gases
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We propose a new all-optical method to image individual Rydberg atoms embedded within dense gases of
ground state atoms [1]. The scheme exploits interaction-induced shifts on highly polarizable excited states of probe
atoms, which can be spatially resolved via an electromagnetically induced transparency resonance. Using a realistic
model, we show that it is possible to image individual Rydberg atoms with enhanced sensitivity and high resolu-
tion despite photon-shot noise and atomic density fluctuations. In particular we demonstrate the potential of the
imaging method to study blockade effects and correlations in the distribution of Rydberg atoms optically excited
from a dense gas, applicable in current experiments. Furthermore this new imaging scheme could be extended to
other impurities such as ions, and is ideally suited to equilibrium and dynamical studies of complex many-body
phenomena involving strongly interacting particles.
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Efimov physics in a many-body background
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The famous prediction of Efimov [1] that an infinitude of three-body bound states appear in short-range inter-
acting three-dimensional systems when there is a two-body bound state at zero energy has generated a large amount
of interest in the cold atomic gas community after its initial observation in '**Cs [2]. The theoretical description of
these experiments have thus far used the vacuum formalism. However, current experiments are in a regime where
the background energy scale (such as the Fermi energy in degenerate Fermi systems) can play a significant role. We
demonstrate that while Efimov states can be strongly perturbed by the background, the original scaling ideas play
a crucial role for the manner in which the states change. In fact, we find that a many-body scaling law emerges that
can be probed in current experiments [3].
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Two interacting fermions in a 1D harmonic trap: matching
the Bethe ansatz and variational approaches
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In this work, combining the Bethe ansatz approach with the variational principle, we calculate the ground state
energy of the relative motion of a system of two fermions with spin up and down interacting via a delta-function
potential in a 1D harmonic trap. Our results show good agreement with the analytical solution of the problem, and
provide a starting point for the investigation of more complex few-body systems where no exact theoretical solu-
tion is available.
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Toward a general-excitation-rank relativistic coupled
cluster for electronically excited states of atoms and
molecules
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Coupled Cluster (CC) response theory is an established means of calculating electronically excited states of
atoms and molecules. Recently, some of us have presented a new Relativistic General Active Space CC method
of general order in a 4-component spinor-based framework. We here present the initial implementation of the CC
Jacobian for obtaining excited-states energies based on e.g., relativistic CCSD, CC(4,), CCSDT, CC(4,), CCSDTQ,
etc. up to FCC wavefunctions. We furthermore present an initial application to the Silicon atom and some homo-
logues of the pnictogene hydride AsH, SbH and BiH. It is demonstrated that with the new method the experimental
excitation energy from the Q = 0 ground state to the Q = 1 first excited state can be approached in a controlled and
systematic manner [1]. As an initial step towards the efficient calculation of excited states based on general-order
LRCC, we here present a progress report on the implementation of a commutator-based CC Jacobian.
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Dynamics of a multi-line magneto-optical oscillator
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The incorporation of a magneto-optical resonance as a magnetically tunable, frequency-selective element in
an electronic oscillator is a frequently employed technique in atomic magnetometry. At geomagnetic-scale fields,
however, the nonlinear Zeeman effect can cause shifting and splitting of this frequency, resulting in systematic er-
rors. Here, we present theoretical and experimental progress toward an understanding of the dynamics and stability
of such a resolved multi-line system in an anti-relaxation-coated *’Rb vapor cell.
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Nonzero magnetic field level-crossing spectroscopy in
atomic rubidium
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We present experimentally measured level-crossing signals for the hyperfine transitions of the D, line of ru-
bidium and show that these signals can be described very precisely by a theoretical model which is based on
optical Bloch equations. In our experimental configuration the magnetic field is perpendicular to the electric field
vector of the linearly polarized laser radiation. Resonances are observed at the crossing points of the excited state
magnetic sublevels with Am=2, where m is the magnetic quantum number associated with the excited state total
angular momentum F. In contrast to previous studies [1], precise agreement with theory and experiment are now
possible because the theoretical model has been improved to include the hyperfine structure of the atomic levels,
strong magnetic sublevel mixing in an external magnetic field, and the Doppler effect. The experimental setup has
been improved. Measured signals and results from calculations are presented for different values of the laser power
density and frequency.
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Frequency translation of orbital angular momentum in
four-wave mixing
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Optical information can be inscribed in the spatial intensity and phase profile of a light mode. Here we report
the transfer of phase structure from near-infrared pump light to coherent blue light in a four-wave-mixing process
in a rubidium vapour. Coherent light at 420 nm can be generated with high efficiency as part of a cascade when
pumping *Rb with 780 nm and 776 nm pump lasers at two-photon resonance while minimising Kerr lensing [1].
Using shaped pump beam profiles, we observe the transfer of up to 10 units of orbital angular momentum to the
generated blue light [2]. We illustrate the quantum nature of the phase profile by pumping with more complicated
light profiles, when we observe output modes that are generated due to the interference between the different spatial
excitation amplitudes. These results have implications on the inscription and storage of phase information in atomic
gases.
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Complete population transfer in a three-state quantum
system by a train of pairs of coincident pulses
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A technique for complete population transfer between the two end states ‘l> and ‘3> of a three-state quantum
system with a train of N pairs of resonant and coincident pump and Stokes pulses is introduced [1]. A simple ana-
lytic formula is derived for the ratios of the pulse amplitudes in each pair for which the maximum transient popula-
tion Py(7) of the middle state |2) is minimized, 2" = sin®(z/4N). It is remarkable that, even though the pulses are
on exact resonance, P,(¢) is damped to negligibly small values even for a small number of pulse pairs. The popula-
tion dynamics resembles generalized n-pulses for small N and stimulated Raman adiabatic passage for large N and
therefore this technique can be viewed as a bridge between these well-known techniques.
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We report experimental and theoretical results for the scattering effects on free falling dilute atomic clouds
that traverse a microscopically structured laser beam with parabolic symmetry. The dynamics of the phase space
distribution is studied. As proposed in Ref. [1], the atomic clouds were observed to split into two or more clouds
with a well defined distribution of momenta. It is shown that the product of the angular momentum along the axis
of main propagation of the laser beam with the linear momentum along one of the directions perpendicular to that
axis is directly transmitted from the light beam to the atomic cloud.
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Direct measurement of the rubidium 5P;, excited state
diffusion coefficient in helium using degenerate four-wave
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Measurements of diffusion coefficients for excited state atoms can be difficult since the distances traveled prior
to decay are relatively short. However, a new method for measuring excited state diffusion coefficients for alkali
atoms in inert buffer gases using degenerate four-wave mixing technique has been demonstrated [1]. It has been
shown experimentally that the angular response of the degenerate four-wave mixing signal results in the direct
determination of the excited state diffusion coefficient independent of the ground state diffusion coefficient [2]. We
have measured the diffusion coefficient for the 5P, excited state of rubidium in the presence of helium buffer gas
at various pressures. Our first experimental results will be presented at the meeting.
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The Rydberg states are extremely sensitive to electric field, due to their large polarizability, scaling as n’. The
electric field can be used to precisely tune energy levels and further the interaction strength between Rydberg atoms.

We will present the first experimental observation of the external electric field pulse induced 1-mixing and trans-
formation of high-1 state (product state) after the excitation of 49S Rydberg states in cesium magneto-optical trap.
The measured product state signal strongly depends on the amplitude and duration of external electric field. Here,
we suppose that the product state signal mainly comes from the I-mixing and avoided crossing between initially
excited nS state and (n-4) manifolds. When an external electric field switches on with rising time of ~10 ns after
preparing nS state, nS atoms will nonadiabaticly transit to the product state through avoided crossing points. Fur-
thermore, by applying two identical electric pulses we obtain the oscillation behavior of population between 49S
and product states, which can be tuned through altering the widths of two pulses. The mothed can be implemented
to control the population of different states.
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We investigate the effects caused by an external oscillatory excitation in a Bose-Einstein condensate of *Rb
atoms at finite temperature. Besides the excitations of collective modes, we observe a relative motion between the
condensate component (superfluid) and the thermal component (normal fluid). This relative motion can be view
as a counterflow of these two mutually penetrating components, which generates fluctuations on the superfluid.
The level of such fluctuations is larger at the points of higher relative velocity. We analyze the system in terms of
superfluid Reynolds number and correlate its value with of vortex formation. The presence of counterflow in an
oscillatory BEC creates new exciting experimental possibilities and provides explanations of recent performed
experiments on quantum turbulence by oscillatory excitation [1].
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Magneto-optical resonances have been largely studied during the last century being an excellent method to
investigate the properties of atoms and molecules, light beams and them interactions. We report on magneto-optical
spectroscopy using resonant polarization modulation of the light beams that is resonant with Zeeman and/or hy-
perfine transition in cesium atoms. This technique has been used to increase the constrast of the hyperfine clock
resonance [1] and to eliminate dead-zones and heading errors in alkali vapor magnetometers by simultaneous exci-
tation of Am = 1 and 2 Zeeman coherence [2]. The final aim of our project is the development of a sensitive atomic
magnetometer with an intrinsic frequency reference.

We thank our colleagues, the mechanics and the electronics pool of the Physics Department. This project is
supported by SNF-Ambizione (grant PZ00P2_131926) and by the Pool de Recherche (UniFr).
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Alkali metal atomic magnetometers are among the most sensitive magnetic field sensors, operating by opti-
cally monitoring the precession of polarized alkali spins. Magnetometer sensitivity is independent of measure-
ment frequency, enabling them to take advantage of Earth’s highly homogeneous ambient magnetic field for NMR
detection. Unlike SQUID-based sensors, atomic magnetometers require no cryogens, so they can be embedded
into portable sensor arrays, such as those used in oil well logging operations. In this work, we use an atomic mag-
netometer for compositional analysis of water/hydrocarbon mixtures. By making NMR measurements of proton
relaxation and diffusion properties of pure and mixed samples, we have demonstrated for the first time that optical
magnetometry has sufficient contrast to measure hydrocarbon content in aqueous systems at 0.5 G (Earth’s field),
with potential applications in petrochemical analysis and oil well logging.
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We describe a reversible quantum interface between an optical and a microwave field using a hybrid device
based on their common interaction with a nano-mechanical resonator in a superconducting circuit. We show that, by
employing state-of-the-art opto-electro-mechanical devices, one realizes an effective source of (bright) two-mode
squeezing with an optical idler (signal) and a microwave signal, which can be used for high-fidelity transfer of
quantum states between optical and microwave fields by means ofcontinuous variable teleportation.
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Color centers can be considered as trapped molecules in solids and they have emerged as promising candidates
for many applications involving the access and manipulation of quantum degrees of freedom. Applications such as
high precision magnetic field measurements, quantum information and communication, and single photon sources
require a detailed understanding of the electronic properties of defects in solids. Here we will discuss how the sym-
metry of the crystal field affects the dynamics of color centersvia their selection rules, and spin-spin and spin-orbit
interactions. In particular we will discuss the implications of the crystal field on spin-preserving optical transitions
of the nitrogen-vacancy defect [1] and other centers, and their response to external perturbations such as radiation,
electric and magnetic fields. The crystal field symmetry imposes advantages and limitations for the successful
implementation of the above mentioned applications.
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Experiments were performed to characterise an extreme-ultraviolet (XUV) interferometer formed by placing
dual gas targets successively in a few-cycle laser focus. XUV is emitted via the nonlinear high-order harmonic
generation (HHG) process in each target and varying the position of the target in the focus controls the relative
phase between these emissions. Observations have been made on several harmonics from the plateau to the cut-off
regions as the gas target separation, and hence relative phase, is varied. The physical mechanism behind the phase
delay is understood with a semi-classical interpretation of the HHG process [1] and is predominantly found to arise
from a time delay in the electron recombining due to the Gouy phase. The Gouy phase has the role of shifting the
carrier-envelope phase of the few-cycle pulse as the beam passes through a focus [2]. This interferometric apparatus
has an unprecedented precision; the timing resolution of the electron recombination delay has been measured to
better than 100 zeptoseconds.
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Optical vortices have attracted considerable attention in the past decade due to applications such as optical
spanners, super resolution imaging, and entangled quantum states in quantum optics. We are interested in investi-
gating the intense-field interaction of optical orbital angular momentum (OAM) carrying beams with matter. What
role OAM plays in ultrafast intense-field processes is still experimentally largely unexplored. We have generated
broadband Raman sidebands in Raman-active crystals with the goal of synthesizing few cycle femtosecond pulses
as well as arbitrary waveforms. In particular, we have recently realized the coherent transfer of OAM in the selec-
tively excited Raman transitions in a PboWO, crystal by using a pair of time-delayed linearly chirped pulses. This
work was supported by the Welch Foundation (No. A1546) and the NSF (No. 0722800).
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We present results of a timing analysis of the process of two-electron photo-ionization of the hydrogen mol-
ecule. Time dependent Schrodinger equation (TDSE) for the hydrogen molecule in presence of the laser pulse is
solved numerically [1]. Projecting solution of the TDSE on the suitably prepared wavepacket states representing
two electrons in continuum, we can study motion of ionized electrons in time. Unlike the simpler case of photo-
ionization of the helium atom [2], timing analysis of the photoionization of hydrogen molecule reveals a more
complicated picture, where details of the electron motion depend on the angles between velocities of the escaping
electrons and molecular axis. Study of the angular dependence of the time-delays reveals features which can be
interpeted as signatures of knock-out mechanism at work in the process of double photo-ionization of H, molecule.
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We investigate theoretically a pump and probe laser atom setup. Similar to a recent proposal [1] we use a single
strong laser pulse in resonance between the initial ground state with an excited state. The laser serves as a pump
creating a coherent state mostly described by Rabi flopping between the two resonant states. Different from [1]
the same laser pulse probes the electron by ionizing it through a concurrent multiphoton process. As expected the
above threshold ionization peaks split up in Autler-Townes doublets. We focus on an interference process we have
detected in-between each doublet by numerically solving the time dependent Schrodinger equation. We propose a
theory that explains both quantitative and qualitatively the ionization spectrum. The theory is based on a Demkov’s
variational principle. The final trial wave function is given by Coulomb-Volkov one. The initial trial wave func-
tion is modeled by the coherent bound state obtained by solving the close-coupling equations accounting for decay
towards the continuum.
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The strong-field process of multiphoton above-threshold ionization (ATI) in laser-irradiated molecule of car-
bon fullerene Cy, is addressed theoretically within the velocity-gauge (VG) formulation of molecular strong-field
approximation (SFA) [1]. Our VG-SFA calculation results demonstrate a high suppression in Cg, ionization as
compared to ionization of “counterpart” atomic species having a nearly identical ionization potential (= 7.6 eV).
In particular, for 7i:Sapphire laser pulse of wavelength A = 800 nm and t = 35 fs of pulse duration, the strong-field
ionization of Cg, has been found to reach saturation at laser peak intensity 7 = 2-10" W/cm?. that is in a perfect
consistence with the respective value found in relevant experiment [2].
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Quantum oscillations in rotating ultracold Fermi gases
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Rotating ultracold quantum gases have been a recurrent subject of interest over the last years. In this work, we
studied the influence of rotation on the angular momentum of a noninteracting Fermi gas at low temperature. We
show that, at low temperature, quantum contributions to the angular momentum emerge. These contributions are
analogues of the de Haas - van Alphen oscillations in the solid-state context.
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We have implemented a long-term frequency stabilization system for external cavity diode laser (ECDL) based
on mode boundary detection method. In this system, the saturated absorption spectroscopy was used. The current
and the grating of the ECDL were controlled by a computer-based feedback control system. By checking any mode
boundaries in the spectrum, the control system determined how to adjust current to avoid mode hopping. This pro-
cedure was executed periodically to ensure the long-term stabilization of ECDL in the absence of mode hops. This
diode laser system without antireflection-coating had operated in the condition of long-term mode hopping free
stabilization for almost 1000 hours, which is a significant improvement of ECDL frequency stabilization system.
This technique is very useful in some applications such as high stability of laser power.
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We investigate the photonic properties of cold atomic samples that are trapped in a one-dimensional (1D) opti-
cal lattice. The atoms build a 1D periodic structure and such an arrangement is expected to create a photonic band
gap. We have experimentally observed this band gap by measuring a Bragg reflection as efficient as 80%, and we
have studied the intrinsic limitations of such systems [1]. We also combined this system with electromagnetically-
induced transparency, which allowed us to obtain a tunable and spectrally very narrow atomic Bragg mirror [2].

In a following experiment, we induced gain (by an appropriate pumping mechanism) in the atomic grating. The
combination of gain and distributed feedback due to multiple Bragg reflection in the structure lead to the first cold-
atom-based mirrorless laser [3], a topic of high current interest in the photonics community.
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Drawing on an analogy with the powerful technique of composite pulses in quantum optics [1] and polarization
optics [2,3] we present a broadband optical diode (optical isolator) made of a sequence of ordinary 45° Faraday ro-
tators sandwiched with quarter-wave plates rotated at the specific angles with respect to their fast polarization axes.
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We consider a Bose-Einstein condensate, with atoms in two degenerate modes due to their internal hyperfine
spin degrees of freedom, in a one-dimensional optical cavity. The two internal modes of the condensate atoms are
coupled to the cavity field and an external transverse laser field in a Raman scheme. A parallel laser is also exciting
the cavity mode. When the pump laser is far detuned from its resonance atomic transition frequency, an effec-
tive nonlinear optical model of the cavity-condensate system is developed under Discrete Mode Approximation
(DMA), while matter-field coupling has been considered beyond the Rotating Wave Approximation. By analytical
and numerical solutions of the nonlinear dynamical equations, we examine the mean cavity field and population
difference (magnetization) of the condensate modes. The stationary solutions of both the mean cavity field and nor-
malized magnetization demonstrate bistable behavior (multistability) under certain conditions for the laser pump
intensity and matter-field coupling strength.
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Laser photodetachment threshold (LPT) detection and laser photodetachment microscopy (LPM) are presently
the most accurate techniques used to measure atomic electron affinities.

Photodetachment microscopy has now produced electron affinity measurements for 13 years, and set a new
standard for the accuracy of electron affinity measurements. The electron affinity of Sulfur (**S) is now known to
be 1 675297.53(41) m™ or 2.077 104 0(6) eV, which is the record in accuracy and even makes it possible to inves-
tigate the isotope shift of electron affinities [1]. More recently the electron affinity of Selenium was measured to be
1629 727.6(9) m, or 2.020 604 6(11) eV [2].

Both LPT and LPM techniques, however, most easily apply when photodetachment releases an electron s-
wave. Today’s challenge is to apply photodetachment microscopy to the case of p-wave photodetachment, which
would introduce an additional degree of freedom in the electron interferograms.
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