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Matter-wave interferometry with charged particles
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Important achievements have been accomplished until now in neutral particle interferometry. To extend this
field of research to charged matter-waves, we present the design and current status in the construction of the first
stable interferometer for ions and charged molecules. It potentially combines the advantages of electron, atom
and molecule interferometry: the high technical standard in the generation, detection and precise control of elec-
tron beams can be applied on ions together with the possibility of laser manipulation of ionic states or thermal
rovibrational excitation in charged molecules. Such an interferometer can cover fundamental Aharonov-Bohm
experiments that were up to now mainly accessible for pointlike electrons, for particles with inner structure and test
gauge and decoherence theories. In our setup, a stable and coherent ion beam will be separated and recombined by
a fine charged biprism wire. The longitudinal coherence is adjusted by a Wien-filter and the interference pattern
is detected after a quadrupole magnification. We also discuss future applications for ion-interferometers as highly
sensitive, compact sensors for rotation and acceleration.
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Limit to spin squeezing in finite temperature Bose-Einstein
condensates
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Quantum correlations could be used in atomic clocks and interferometers to increase their sensitivity with re-
spect of using uncorrelated atoms. A simple class of states useful for metrology are spin squeezed states. Recently
such states could be obtained using interactions in condensates with two internal states [1]. A crucial question is
the scaling of the spin squeezing (or metrology gain) with the atom number. We show that, at finite temperature,
the maximum spin squeezing achievable using interactions in Bose-Einstein condensates has a finite limit when the
atom number N — oo at fixed density and interaction strength. We calculate the limit of the squeezing parameter for
a spatially homogeneous system and show that it is bounded from above by the initial non-condensed fraction [2].
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Quantum metrology with a scanning probe atom
interferometer
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Interferometers using N uncorrelated (non-entangled) particles are fundamentally limited by shot-noise to an

interferometric phase uncertainty of Agp >1/ JN. This standard quantum limit (SQL) is particularly relevant in
applications such as electromagnetic field imaging, where the desired high spatial resolution forces one to work
with small probe size (small N). Using entangled states, Ap could be reduced significantly, towards the Heisenberg
limit Ap 21/ N.

Here we report an atom-interferometric measurement of microwave fields from an integrated circuit, with an
uncertainty of 4.0 dB below the SQL [1]. Our interferometer employs N = 1300 entangled atoms in a spin-squeezed
state and maintains performance below the SQL for Ramsey interrogation times up to 20 ms. Using an atom chip,
we spatially scan the spin-squeezed atoms over 10 gm while maintaining sub-SQL operation. We perform a quan-
tum-state tomography of our interferometer input state [2], demonstrating a spin noise reduction of up to 4.5 dB
and a spin coherence of > 98%, which implies a depth of entanglement of at least 40 particles. Our technique is
promising for high-resolution imaging of electromagnetic fields near solid-state microstructures [3].
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A trapped atom interferometer for short range forces
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We have demonstrated laser controlled tunneling of ¥Rb atoms in a vertical optical lattice using two- photon
Raman transitions [1], allowing performing high resolution laser spectroscopy of Wannier Stark (WS) states. A
sequence of such laser pulses is used to first split the atoms into neighboring WS states and later recombine them.
This realizes a trapped atom interferometer, which, in our geometry, is sensitive to the difference in gravitational
potential energies between the coupled WS states, allowing for a precise measurement of the Bloch frequency
vy=mgA/2h, where m is the mass of the *’Rb atom, g the gravity acceleration, and A the lattice laser wavelength. We
have reached a relative sensitivity on v; of 10 at 1 s. Performing this interferometer close to a reflecting surface,
this sensitivity will allow performing measurements of Casimir Polder forces to better than 1% at distances of a few
microns, and improving significantly tests of gravity at short range [2].
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Long-lived coherence of an interacting Bose-Einstein
condensate
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We report that atomic interactions not only lead to quantum and spatial dephasing of a trapped BEC inter-
ferometer but also produce mean-field-driven rephasing through periodic collective oscillations. We observe the
coherence of an interacting two-component Bose-Einstein condensate of ¥Rb atoms surviving for seconds in a
Ramsey interferometer. Mean-field-driven collective oscillations of two components lead to periodic dephasing and
rephasing of condensate wave functions with a slow decay of the interference fringe visibility. We apply spin echo
synchronous with the self-rephasing of the condensate to reduce the influence of state-dependent atom losses, sig-
nificantly enhancing the visibility up to 0.75 at the evolution time of 1.5 s. Mean-field theory consistently predicts
higher visibility than experimentally observed values. We quantify the effects of classical and quantum noise and
infer a coherence time of 2.8 s for a trapped condensate of 5.5 x 10* interacting rubidium atoms.
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Entanglement and optimized interferometric phase
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We derive a phase-entanglement criterion for two bosonic modes which is immune to number fluctuations. This
also provides an operational definition of relative phase-measurements, via analysis of phase measurement in inter-
ferometry. We show that the new entanglement measure is directly proportional to enhanced phase-measurement
sensitivity. As an example, we calculate the phase-entanglement of the ground state of a two-well, coupled Bose-
Einstein condensate, similar to recent experiments[1]. We show that a new type of quantum squeezing is found,
namely planar quantum squeezing [2], which squeezes two orthogonal spin directions simultaneously. This is pos-
sible owing to the fact that the SU(2) group that describes spin symmetry lives in a three-dimensional space, of
higher dimension than the group for photonic quadratures. The advantage of planar spin-squeezing is that, unlike
conventional spin-squeezing, it allows noise reduction over all phase-angles simultaneously.
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Gravitational output-coupling of an atom laser
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In this poster we present a novel type of output coupling of an atom-laser from a BEC. Traditional output
couplers either use a weak RF field [1] or a weak Bragg beam [2] to resonantly outcouple a small fraction of the
BEC. The gravitational output coupler, presented here, uses a strong RF field to dress the trapping potential of a
loffe-Pritchard magnetic trap such, that a small hole is created in the very bottom of the trap. The gravitational
output coupler is fully coherent: Whereas the outcoupled atoms of weak RF are distributed over a range of mag-
netic hyperfine states, the ones of the gravitational output coupler are all in the m,. = 2 state. This not only increases
thebrightness of the atom laser by a factor of 5, but also raises the spectre of a reversible atom laser, where the beam
not only exits, but also enters a BEC. We demonstrate well-collimated atom beams — both of thermal and condensed
origin — and discuss their transverse coherence.
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Interferometry with chip-based atom lasers in microgravity
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We report on the implementation of a Bragg-type interferometer operated with a chip-based atom laser for Ru-
bidium ¥’Rb. With the chip based atom laser we can generate thermal ensembles as well as Bose-Einstein conden-
sates (BEC)[1]. With the help of delta-kick cooling [2], implemented via the atom chip, we can further slow down
the expansion of thermal and condensed atoms. In addition, the chip allows transferring atoms in the individual
Zeeman states of the two hyperfine ground states, in particular into the non-magnetic state. With this toolbox we
could extend the observation of a BEC of only 10* atoms up to two seconds. Benefiting from the extended free fall
in microgravity we could combine this with an asymmetric Mach-Zehnder type interferometer over hundreds of
milliseconds to study the coherence and to analyze the delta kick cooling with the help of the observed interference
fringes.
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Measuring small energy differences by BEC interferometry
on a chip
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I. Llorente-Garcia, J. Dingjan, and E. A. Hinds
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We investigate the use of a Bose-Einstein condensate trapped on an atom chip for making interferometric mea-
surements of small energy differences[1,2]. A nearly pure condensate is split horizontally using an RF magnetic
field. A relative height difference between the clouds is introduced through adjustment of the RF field. The trap
is turned off allowing the clouds to interfere in free fall. For varying height separations we measure the relative
phase difference between the clouds from the observed fringes in the atomic density distribution. We measure and
explain the noise in the energy difference of the condensates, which derives from the binomial distribution in the
number difference. An energy difference of 2.17(32) Hz/nm ismeasured, as expected from Earth’s gravity. We have
considered systematic errors and are now working towards more precise control of the atoms. This will improve the
accuracy that the interferometer can achieve.
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We have developped a compact, robust and transportable cold atom inertial sensor to test the Univarsility of
Free-Fall (UFF) during parabolic flights. Our system uses laser pulses to measure the acceleration of a cloud of cold
87Rb atoms. The laser source is based on telecom technology and can be operated in difficult environments [1]. We
reject vibrations by correlating the atom sensor with an external mechanical accelerometer [2].

The next step, by adding another atomic species (*K) to our system, is to perform a test of UFF. We have con-
structed a dual-wavelength laser system and performed simultaneous cooling of Rb and K in two species MOT.
We will then use the atom interferometer to measure the differential acceleration between the two atom clouds in
free-fall. This will be an important step towards a space-based test at the level 107", such as the one planed in the
frame of ESA’s STE-QUEST mission [3].
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Matter-wave interferometry with single bright solitons
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Bright solitons [1, 2] are suitable candidates for matter-wave interferometry due to their self focusing, and
non-dispersive nature. In our experiments, we use the broad Feshbach resonance of "Li in the |1, 1> state to tune the
scattering length through zero to small negative values to form a single bright matter wave soliton close to the criti-
cal number for collapse. The soliton is confined to a 1D potential formed from a single focused laser beam, which
is weakly confining in the axial direction. We excite the collective dipole mode of the soliton and investigate the
interaction with a thin potential barrier formed by a near-resonant, blue detuned, cylindrically focused laser beam
that perpendicularly bisects the trapping beam at its focus. Through adjustment of the barrier potential, the soliton
can either be split in two, transmitted or reflected. By applying a phase imprinting beam to one arm of the split
soliton we study the phase dependent interactions on the subsequent barrier interaction.
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Highly-charged ions as a basis of optical atomic
clockwork of superb accuracy
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State of the art clocks carry out frequency measurements at the eighteenth decimal place [1]. As the projected
“end-of-the-road” fractional accuracy of such clocks is at the level of 107!, it is natural to wonder how to extend
the accuracy frontier even further. While the nuclear clock [2] holds a promise of a projected accuracy at the
improved 107" level, it relies on a yet unobserved optical transition in the radioactive **Th nucleus. Considering
large uncertainties of nuclear models, the frequency of that transition can not be reliably computed. Here we show
that the nuclear clock performances can be replicated with atomic systems, fully overcoming these challenges. We
identify several highly-forbidden laser-accessibe transitions in heavy stable isotopes of highly-charged ions (HCI)
that may serve as clock transitions. Similarly to the singly-charged ions of modern clocks [1], HCIs can be trapped
and cooled. The key advantage of HCIs comes from their higher ionic charge. As the ionic charge increases, the
electronic cloud shrinks thereby greatly reducing couplings to detrimental external perturbations. Our analysis of
various systematic effects for several HCIs demonstrates the feasibility of attaining the 107" accuracy mark.
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Progress of the NPL Sr optical lattice clock
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Frequency standards based on optical atomic transitions show great promise as next generation clocks and
some have already demonstrated frequency stabilities and systematic uncertainties better than the current caesium
fountain microwave primary frequencystandard [1, 2]. One prime example is the Sr optical lattice clock, which has
reached fractional frequency uncertainties at the level ~ 1 x 107'¢ in several laboratories, limited by knowledge of
the black-body radition (BBR) induced frequency shift [1]. At NPL, a Sr optical lattice clock apparatus is under
development with the capability to directly measure the BBR-induced frequency shift. As an initial step, we have
demonstrated efficient slowing and trapping of Sr with aid of a simple permanent-magnet Zeeman slower [3]. We
report on recent progress, with focus on compact narrow linewidth clock laser systems, novel BBR measurement
apparatus, and characterisation of the permanent-magnet Zeeman slower.
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Lattice clock comparisons with 1 x 10-'7 stability at 500 s
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Optical lattice clocks based on alkaline earth atoms outperform single ion clocks [1] in measurement precision,
and they have the potential to catch up with ion clocks in overall systematic uncertainty. The fractional uncertainty
of our first generation strontium lattice clock has been evaluated at 1 x 107'¢ [2]. To demonstrate a much smaller
systematic uncertainty, we have built a second generation lattice clock based on a cavity enhanced optical lattice
[3]. The large circulating power in the cavity allows us operate with a larger trap volume than a retroreflected
configuration, yielding more atoms transferred into our lattice but at a lower density. Therefore, this setup both
improves our signal to noise and reduces density-dependent collision shifts. Comparing our two strontium clocks,
we are able to average down to the 1077 level in 500 s. We report on our progress using this unprecedented stability
to evaluate systematics beyond the 1077 level.
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Generalized Ramsey excitation of an optical transition
with suppressed light shift
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We investigate an optical frequency standard based on the 467 nm electric-octupole transition 2S;, — *F,, in a
single trapped '"'Yb" ion. The extraordinary features of this transition result from the long natural lifetime and from
the 4/"36s* configuration of the upper state. The coefficients for field-induced shifts of the 2F;, state are smaller
than for the metastable D states in the alkaline earth ions. Recently, we have realized the unperturbed frequency of
the octupole transition with a fractional uncertainty of 7.1 x 10-'7 [1]. A significant contribution to this uncertainty
is caused by the light shift induced by the laser driving the octupole transition. We have thereforeimplemented the
generalized Ramsey excitation scheme proposed in [2] — using two pulses that are tailored in duration, frequency
and phase. We demonstrate the elimination of the light shift dependence of the frequency of the central Ramsey
resonance, which largely reduces the corresponding uncertainty.
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Testing time-variation of fundamental constants using Th
and U nuclear clocks
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The low-energy (7.6 eV) transition in Th-229 could provide a reference for an optical clock of extremely high
accuracy [1, 2]. Nuclear clocks would be very sensitive probes of any potential changes to the values of funda-
mental constants of nature [3, 4]. The 76 eV isomeric transition of U-235 has some potential advantages over the
Th-229 transition, not least that its properties (energy, line width) are well known. With recent advances in high-UV
frequency combs using high-harmonic generation [5] the transition may come within laser range in the foreseeable
future. We present results of nuclear and atomic calculations that show a U-235 nuclear clock would have compa-
rable accuracy to the Th-229 clock, and an absolute sensitivity to variation of fundamental constants that is larger
than any other proposed laboratory reference standard.
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Ultra-stable laser local oscillators
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Laser frequency stabilization via spectral-hole burning has the potential to extend laser coherence beyond
what is possible with Fabry-Pérot cavities. Spectral holes in Eu*":Y,SiOjs crystals are less sensitive to the thermal
noise that limits optical cavities [1], and for two crystals we observe differential fractional-frequency noise below
4 x 107", The absolute performance is currently limited by technical noise at an Allan deviation of 2 x 107'¢ with
atypical drift rate of 3 x 107'7/s. In addition, robust spherical Fabry-Pérot cavities [2] exhibit a passive acceleration
sensitivity of 2(1) x 10-!"/g, which is reduced to below 10'%/g by use of active feed-forward techniques [3].

Supported by DARPA, ONR, and AFOSR.
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In this poster, we describe an optically pumped cesium-beam frequency standard (JPO) under reconstruction
at the National Centre for Nuclear Science and Technology (CNSTN) in Tunisia. This prototype instrument which
has been develop at laboratory “SYRTE”, will be the first primary frequency standard to be implanted in Tunisia.
The aim of this project is the transfer of JPO clock from SYRTE to CNSTN. It will be rebuilt in Tunisia, studied
and characterized. New approaches will have to be found in order to evaluate its accuracy without having an onsite
reference clock, but using comparisons by satellite. The purpose of the project is also to demonstrate the feasibility
of improving the performance of the optically pumped cesium beam clock.
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Precision calculation of blackbody radiation shifts for
optical frequency metrology
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We show that four group IIIB divalent ions, B*, Al*, In*, and T1" have anomalously small blackbody radiation
(BBR) shifts of the ns* 'S, — nsnp *P | clock transitions [1, 2]. The fractional BBR shifts for these ions are at least
10 times smaller than those of any other present or proposed optical frequency standards at the same temperature.
We have developed a hybrid configuration interaction + coupled-cluster method that provides accurate treatment of
correlation corrections in such ions and yields a rigorous upper bound on the uncertainty of the final results. We re-
duce the BBR contribution to the fractional frequency uncertainty of the Al* clock to 4 x 10" at 7= 300 K. We also
reduce the uncertainties due to this effect at room temperature to 107 level for B* In*, and TI" to facilitate further
development of these systems for metrology and quantum sensing. These uncertainties approach recent estimates
of the feasible precision of currently proposed optical atomic clocks.
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Atomic masses of calcium, strontium and ytterbium
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Currently, the second most precise value for the fine structure constant is derived from “photon-recoil” mea-
surements of 4/M for ¥Rb [1] combined with the Rydberg constant, atomic transition frequencies, and the atomic
masses of the electron and of ®Rb [2]. An improved photon-recoil value for alpha will enable the combination
of theory and experiment for the g-factor of the electron (which produces the most precise value for alpha), to
provide an improved test of QED. Besides the alkalis, isotopes of the alkaline-earths and ytterbium make promis-
ing candidates for precise photon-recoil measurements of 4/M(atom). In addition, the mass of “’Ca is required for
obtaining the g-factor of hydrogen-like calcium from measurements of electron spin-flip and cyclotron frequencies
of Ca'*, which can be used to test bound-state QED [3]. For these and other applications, by measuring cyclotron
frequency ratios of pairs of ions in a cryogenic Penning trap, we obtain the atomic masses of “’Ca, 78Sy, and
ITOITLITLIBATAIT6Y D, to a relative precision in the region of 2 x 1017,
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Progress towards measuring the electron EDM with
thorium monoxide
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Measurement of a non-zero electric dipole moment (EDM) of the electron within a few orders of magnitude of
the current best limit [1] of 1.05 x 107 e x cm would be an indication of CP violation beyond the Standard Model.
The ACME Collaboration is searching for an electron EDM by performing a precision measurement of spin pre-
cession signals from the metastable *A,; state of thorium monoxide (ThO) in a cold and slow beam. We discuss the
design and completion of the first-generation apparatus, and the preliminary statistical and systematic uncertainties.
We have achieved a one-sigma statistical uncertainty of 7 x 10* ¢ x cm/V T, where T is the experimental running
time in days, based on a data set acquired from 14 hours of running time over a period of two days.
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Frequency metrology in quantum degenerate helium

Rob van Rooij', Joe Borbely!, Juliette Simonet?>, Maarten Hoogerland?, Kjeld Eikema', Roel Rozendaal',
and Wim Vassen'-*

1. LaserLaB VU University, Amsterdam, the Netherlands
2. ENS, LKB, Paris, France
3. Department of Physics, University of Auckland, New Zealand
*w.vassen@vu.nl

We have measured the absolute frequency of the 1557-nm doubly forbidden transition between the two meta-
stable states of helium, 23S, (lifetime 8000 s) and 2 'S, (lifetime 20 ms), with 1 kHz precision [1].With an Einstein
coefficient of 107 s this is one of weakest optical transitions ever measured. The measurement was performed in
a Bose-Einstein condensate of “He* as well as in a Degenerate Fermi Gas of *He*, trapped in a crossed dipole trap.
From the isotope shift we deduced the nuclear charge radius difference between the a-particle and the helion. Our
value differs by 46 with a very recent result obtained on the 2 3S — 2 *P transition [2].
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Frequency combs and precision spectroscopy in the
extreme ultraviolet
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We present the first direct frequency comb spectroscopy in the extreme ultraviolet (XUV) part of the spectrum by
resolving transitions in atomic argon and neon at 82 and 63 nm, respectively. The XUV frequency comb is generated by
frequency up conversion of a near-infrared frequency comb via intra-cavity high-harmonic generation. It is capable of
delivering > 20 uW of average power per harmonic in the 50-100 nm wavelength range. The observed argon transition
linewidth of 10 MHz, limited by Doppler broadening, is unprecedented in this spectral region and provides a stringent
upper limit on the linewidth of individual comb teeth. The measured transition frequency of 3,655,454,073 + 3 MHz is
limited by residual Doppler shifts and provides ~10° times improvement over earlier measurements. We will also discuss
ongoing XUV comb coherence studies via heterodyne beat of two such combs, which will provide a new paradigm for
high precision tests and spectroscopy in the XUV.
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Search for an electron EDM with trapped hafnium fluoride
ions
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The precision measurement of an electron electric dipole moment (¢EDM) is an experiment that tests fundamental
symmetries and physics beyond the Standard Model [1]. Trapped hafnium fluoride molecular ions in the *A; metastable
electronic state are suitable candidates for an eEDM search due to their large effective electric fields and long electron spin
coherence times [2]. To create HfF™ in the desired quantum state, we first use two optical photons to excite a supersonic
beam of neutral HfF molecules to a Rydberg state, which then autoionizes into predominantly a single rovibrational level
of HfF" in its ground 'Y state. The autoionized HfF" in the ground state can then be transferred to the *A, state using transi-
tions that have been recently identified. We report progress towards an eEDM measurement on several fronts: the mapping
out of energy levels of HfF* up to 15000 cm™" using velocity modulation spectroscopy, which leads to the identification of
promising transitions to the 3A, state; the loading and trapping of ions in a novel radiofrequency Paul trap optimized for
collection of fluorescence photons and field uniformity; the reading out of ion states using laser-induced fluorescence in
the ion trap; the search for more efficient state readout systems beyond laser-induced fluorescence. This work is funded by
the National Science Foundation and the Marsico Endowed Chair.
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A nuclear-electronic spin gyro-comagnetometer
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We are presently starting a project aiming to fully characterize a new generation of atomic gyroscope based
on the detection of a nuclear spin orientation with an alkali magnetometer [1]. The key element of the device is a
spherical gas cell heated at about 170°C and shielded from parasite magnetic fields. This cell is filled with an alkali
gas (RD, K...) with an electronic spin and a noble gas (*He, *'Ne, '®Xe...) with a nuclear spin. The noble gas is
polarized by Spin Exchange Optical Pumping (SEOP). In addition, the magnetic field created by the nuclear mag-
netization is canceled with a homogeneous magnetic field. Alkali atoms feel no magnetic field and evolve in a col-
lisional regime (Spin Exchange Relaxation Free — SERF) allowing the realization of an ultra sensitive in situ alkali
magnetometer [2] which detects the nuclear spin dynamic and then gives us a rotation measurement of the system.
Our project deals with the conception, realization and characterization of this nuclear-electronic spin gyroscope
very promising for applications requiring miniature sensors with a high performance.
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Accurate measurement and control of an IR laser
frequency using an optical frequency comb and a remote
frequency reference
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Ultra-high-resolution spectroscopy enables to test fundamental physics with molecules such as parity non con-
servation O or the stability of the electron-to-proton mass ratio 0. It is thus very challenging to develop an ultrastable
frequency stabilization scheme in the mid-IR region where molecules exhibit rovibrational transitions. We have
built a frequency chain which enables to measure the absolute frequency of a CO, laser emitting around 10 pm
and stabilized onto a molecular absorption line. The set-up uses an optical frequency comb with sum-frequency
generation. The frequency reference is an ultrastable 1.55 pm laser, transferred from SYRTE to LPL by an optical
link [3]. We are now progressing towards the frequency stabilization of the IR laser via the frequency comb and the
extension of this technique to quantum cascade lasers for a larger spectral range.
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Fundamental physics tests using the LNE-SYRTE clock
ensemble
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SYRTE is developing an ensemble of high performance atomic clocks comprising 3 laser-cooled atomic foun-
tain clocks [1], 3 optical lattice clocks and ultra stable microwave and optical oscillators. Such an ensemble pro-
vides many possibilities for testing fundamental physical laws, relying on the high accuracy and stability of these
devices. We report more specifically on comparisons between the *Rb and **Cs ground state hyperfine frequencies
using the fountains. The measurements over 14 years set a stringent limit to a possible variation with time, and
also with gravitational potential, of the Rb/Cs hyperfine frequency ratio. A notable advance in this work was the
simultaneous operation with Rb and Cs in one fountain [2]. Combining with other available highly accurate clock
comparisons, we provide independent constraints on today time variations and couplings to gravity of the 3 con-
stants: fine structure constant a, scaled quark mass m, / Aqcp, and electron-to-proton mass ratio m, / m,,.

References

[1] J. Guéna et al., Progress on Atomic Fountains at LNE-SYRTE, IEEE Trans. on Ultrason. Ferroelectr. and Freq. Control 59,
pp- 391-410 (2012); arXiv:1204.3621v1.

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

Tu-028 Precision measurements. ..

Optical transitions in highly charged ions for atomic
clocks with enhanced sensitivity to variation of
fundamental constants
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Optical transitions can occur in some highly charged ions (HCIs) when the ion stage and nuclear charge are
tuned such that orbitals with different principal quantum number and angular momentum are nearly degenerate [1].
In these cases thetransition energy may be within laser range even though the ionisation energy is large (of order
several hundred eV). We have identified several such systems and shown that they have a number of properties
that could make them suitable for atomic clocks with high accuracy. Strong E1 transitions provide options for laser
cooling and trapping, while narrow transitions can be used for high-precision spectroscopy and tests of fundamental
physics. In particular we found transitions that would have the highestsensitivity to variation of the fine-structure
constant ever seen in atomic systems [2, 3]. HCI clocks utilising these transitions could confirm the indications of
a spatial gradient in the fine-structure constant observed in quasar absorption spectra data [4, 5].
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Leggett-Garg inequalities for atom interferometry
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We construct generalisations of Leggett-Garg (LG) inequalities [1] that test realism (R) and non-invasive mea-
surability (NIM) in multi-particle scenarios not limited to two outcomes. The inequalities provide a means to quan-
tify the level of realism and NIM being tested — from micro, though to meso and, ultimately, macro — with the inclu-
sion of parameters S and d that denote the size of reality and noninvasiveness of measurement, in terms of particle
number. We show how these LG inequalities are predicted to be violated by dynamical correlated systems, as might
be realised using double-potential well Bose-Einstein condensates, and atom interferometers [2]. The measured
output of a Mach-Zehnder interferometer can reveal violations of these inequalities, and be used to falsify classical
trajectories for particle paths. We analyse three different strategies to realise the NIM: measure-and-regenerate,
ideal-negative result, and weak quantum nondemolition QND number measurements [3].
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A new search for tensor currents in the weak decay of
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The beta decay of “He presents a unique opportunity to search for new physics. Determining the correlation
between the electron and the anti-neutrino allows searching for tensor currents predicted by extensions of the Stan-
dard Model. Because the neutrino cannot be detected with high efficiency, ‘He is ideal for this search because it
is a light nucleus and yields a recoiling °Li ion with sufficient energy to be detected. In coincidence with the beta,
measuring the °Li ion allows kinematic reconstruction of the neutrino momentum. Up to the present the precision
has been limited due to either low number of *He atoms (nuclear half-life < 1 second) or interactions of the °Li
ions with the environment. To overcome these limitations we have developed the most intense source of “He in the
world [1] and we have set up a MOT. We have succeeded in trapping 30 atoms already. We also developed an origi-
nal method, using an additional cycling transition, which allows detection of a few atoms in spite of the unavoidable
light scattering from the intense trap lasers. Results will be presented.
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Towards packaged micro-integrated semiconductor laser
modules for the deployment of cold atom based quantum
sensors in space
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We report on the development of very robust, energy efficient, micro-integrated Master-Oscillator-Power-Am-
plifier (MOPA) and Extended Cavity Diode Laser (ECDL) modules for the deployment of cold atom based quan-
tum sensors in space. They fit on micro optical benches not larger than 80 x 25 mm? and make use of either already
space qualified or space qualifiable components and integration technologies. With MOPAs and ECDLs designed
for Rubidium BEC and atom interferometry experiments at 780 nm we achieved an intrinsic linewidth of 190 kHz
at 1 W and of 300 Hz at 35 mW, respectively. The MOPA module has been successfully vibration tested up to 8
Zrus Fandom noise, and micro-integrated modules based for 1060 nm that are based on the same integration tech-
nology have successfully passed vibration tests up to 29 gpys and 1500 g pyro-shock. Further, we outline the next
steps in diode laser system micro-integration that combine the MOPA and ECDL concepts with micro-integrated
fibre-coupling in a hermetic housing that allows for space deployment. These concepts can be transferred to other
wavelengths.
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The comparison between measured and calculated transition frequencies in atomic hydrogen can provide strin-
gent tests of bound state QED. For the last decade, this comparison has been limited by the proton charge radius de-
termined by electron-proton scattering. Recently, laser spectroscopy of muonic hydrogen provided a value, which
is ten times more accurate than any previous measurement [1]. But this value differs from the CODATA 2010
value, obtained by a global adjustment of fundamental constants using data from electron-proton scattering and
hydrogen experiments for the proton charge radius, by seven standard deviations [2]. The muonic hydrogen result
led to a comprehensive search for the cause of this discrepancy, but no convincing argument could be found so
far. Because the current CODATA value is mainly based on observations in atomic hydrogen, transition frequency
measurements with improved accuracy can help to solve this puzzle or at least to rule out hydrogen experiments asa
possible source for the discrepancy. Here we report on the setup which has been developed for the measurement of
the one-photon 285, ,-4P, , transition frequency and discuss our preliminary results.

References
[1] Pohl et al., The size of the proton, Nature 466 (7303), 2010.
[2] Mohr et al., CODATA 2010, arXiv:1203.5425.



Precision measurements. .. Tu-033 185

Recent measurements of 1S-2S transition frequency in
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We report on two recent precision measurements of 1S-2S transition frequency in atomic hydrogen. The first
done in May 2011 against the LNE-SYRTE transportable cesium fountain clock FOM has shown a fractional un-
certainty of 4.2x1075 [1], 3.3 times better than for the previous result from 2003. The second measurement was per-
formed in November 2011 using distant CSF1 fountain clock at PTB, Braunschweig. To compare frequencies we
used a 900 km long actively stabilized fiber link. The link allows to measure the frequency of a transfer Er-doped
cw fiber laser running at MPQ against CSF1. By comparison of two most recent results for the hydrogen 1S-2S
transition frequency we can constrain the linear combination of Lorentz boost symmetry violation parameters in
the SME framework.
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Strontium atoms in optical lattices: applications to optical
clocks and accurate gravimeters
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I will present the most recent precision measurements done with ultracold strontium atoms trapped in optical
lattices. While fermionic ¥Sr atoms have been considered a good candidate for future optical clocks aiming to 107
relative accuracy or below [1], we concentrated on accurate measurements of gravity with the most abundant *Sr
bosonic isotope. The long coherence time in Bloch oscillation exploited with %3Sr trapped in vertical optical lattice,
allow to observe more than 10* Bloch oscillations with a resulting resolution of 1077 in gravity measurements, with
no fundamental limit to reduce the resolution by another order of magnitude. Detailed study of systematic effects
and a comparison with a classical FG5 gravimeter will be presented [2]. Furthermore, [ will present the status of the
recent developed compact and transportable version of a strontium optical lattice clock [3] and the prospect toward
optical frequency comparisons with primary frequency standards in Italy.
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Enhanced electron EDM %,9-odd constant obtained from
highly-correlated molecular four-component configuration
interaction calculations
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The current upper limit on the electron electric dipole moment (EDM) is |d, |<10.5X 10%¢ cm [1], from

measurements on YbF. Due to their strong internal electric fields, polar diatomic molecules in general are interest-
ing candidates in the search for the electron EDM, the discovery of which would significantly constrain proposed
extensions to the Standard Model of particle physics [2].

We have implemented the evaluation of the electron EDM Hamiltonian operator as an expectation value over
four-component molecular Dirac wavefunctions including the contributions of dynamic electron correlation. The
electronic-structure programs used in this approach are the KR—CI module [3] of the DIRAC10 program package.
In initial applications we show the importance of dynamic electron correlation effects on the P, 7 -odd interaction
constant /¥, in the [H" molecular ion, a possible candidate [4] in the search for the electron EDM.
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Historically, the use of statistical methods for the description of complex quantum systems was primarily moti-
vated by the failure of a line-by-line interpretation of atomic spectra. Such methods reveal regularities and tenden-
cies in the distributions of levels and lines. Up to now, much attention was paid to the distribution of energy levels
(Wigner surmise, random-matrix model...). However, information about the distribution of the lines (energy and
strength) is lacking. Thirty years ago, Learner found empirically an unexpected law: the logarithm of the number of
lines whose intensities lie between 247, and 2%*'[, I, being a reference intensity and & an integer, is a decreasing lin-
ear function of £ [1, 2]. In this work, the fractal nature of such an intriguing regularity is outlined and a calculation
of'its fractal dimension is proposed. Other properties which remain unexplained are also presented, such as the role
of quantum chaos or the fact that the distribution of line strengths follows Benford’s law of anomalous numbers [3].
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Laser spectroscopy of the radioactive La isotopes
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We have used collinear laser spectroscopy to measure on-line nuclear moments and charge distributions of
many short lived isotopes. Experiments were done at ISAC, JAEA , and Riken. Nuclei are known to have spherical,
prolate, oblate and exotic octopole shapes. All of these are rotationally symmetrical. We have further evaluated our
data and confirm that the neutron deficient isotopes '*-'**La show a rare none rotationally symmetrical triaxial shape
in their ground states. That means their masses are distributed unequally along the three axes of length, width and
height. This feature is reflected in the hyperfine structure (HFS) spectrum of a suitably chosen valence electron.
By measuring the nuclear moments (i and Q) the onset and decline of this unusual shape is investigated on the
chain of neutron deficient La isotopes. This work was supported in part by the Robert A. Welch Foundation (grant
No. A1546).

Spectroscopy Tu-038

Optically detected magnetic resonance using elliptical
polarization

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

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

We present theoretical and experimental results on optically detected magnetic resonance (ODMR) signals in
the 3S5,,-3P,,, D1 transition of a hot Na atomic vapor [1], particularly focusing on the dependence of the ODMR
signals on the incident light polarization. We have found that, while circular polarization gives the largest ODMR
signal for the Zeeman end-resonances including (F = 2, m, = £2 levels, elliptical polarization is much more favor-
able for the observation of the inner Zeeman transitions. Detailed theoretical analysis based upon the rate equations
including all the Zeeman sublevels is presented. Experimentally, the nuclear Zeeman splitting has been observed
by using elliptical polarization. Satisfactory agreement has been obtained between theoretical simulations and
experimental results.
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and Jos¢ Jiménez-Mier

Instituto de Ciencias Nucleares, UNAM, Circuito Exterior, Ciudad Universitaria,
04510 México, D.F., México
*ferama@nucleares.unam.mx

We present both theoretical and experimental results for the absorption of a linearly polarized weak probe
laser beam locked to an hyperfine transition in the rubidium D, line while the frequency of a circularly polarized
pump beam, either co- or counter-propagating with the probe beam, is scanned either across the same manifold or
through the 5P — 5D transition. Using balanced detection, we recorded separately variations in the intensities of
the two mutually orthogonal linearly polarized components of the probe beam, which corresponds to measuring
the birefringence induced on the atomic vapor by the pump beam. In both co- and counter-propagating cases we
clearly obtained defined absorption and polarization atomic signals, as well as cross-over resonances. Numerical
calculations based on rate equations allowed us to determine the population differences between the 55 and 5P
magnetic sublevels in Rb. With these results we calculated the changes of the absorption coefficients for right and
left circularly polarized light as functions of the pump light frequency and intensity obtaining excellent agreement
with experimental spectra. These results were applied to the development of modulation-free laser frequency sta-
bilization techniques.

Tu-040 Spectroscopy

Electromagnetically induced polarization rotation in Na
ladder systems

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

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

We have observed electromagnetically induced polarization rotation (EIPR) in the 3S,,-3P,,-4D,, and 38§, ,-
3P;-4D;), 5/, three-level ladder systems in a hot Na vapor [1]. In the presence of a strong circularly-polarized
coupling beam resonant to the upper ladder transition, the polarization angle of a probe beam, resonant to the
lower ladder transition, was rotated by up to 18 degrees. The EIPR spectra exhibited a unique double-dispersion
feature, which was related to the EIT (electromagnetically induced transparency)-circular dichroism spectra by the
Kramers-Kronig relations and was more pronounced for the higher coupling powers. The optical switch experiment
based on EIPR gave a fast response of less than 100 ns.
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[1]1 N. Hayashi, A. Fujisawa, H. Kido, K. Takahashi, and M. Mitsunaga, Interference between electromagnetically induced
transparency and two-step excitation in three-level ladder systems, J. Opt. Soc. Am. B27, pp. 1645-1650 (2010).
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A frequency-comb-referenced OPO for sub-Doppler
spectroscopy

L. Ricciardi!, E. De Tommasi', P. Maddaloni!, S. Mosca!, A. Rocco', J.-J. Zondy?,
M. De Rosa'*, and P. De Natale?
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We present a singly-resonant, 1064-nm-pumped, cw optical parametric oscillator (OPO), emitting more than
1 W between 2.7 and 4.2 pm, specifically designed for high-resolution and precise spectroscopy in the mid-infrared
region. Both pump and signal are frequency stabilized to a near-infrared optical frequency comb, referenced to the
Cs primary time standard. A fractional Allan deviation of ~ 3 x 10712 T2 has been estimated between 1 and 200 s.
As a test, we carried out sub-Doppler spectroscopy of rovibrational transitions of CH,l around 3.4 um, resolving
their electronic quadrupole hyperfine structure, estimating an OPO linewidth lower than 200 kHz (FWHM), and
determining absolute frequencies with a statistical uncertainty of 50 kHz [1]. The availability of such a precise and
powerful source is of primary interest for spectroscopic studies of subtle effects, tests of fundamental theories, or
optical manipulation of molecules.
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Realtime software-base frequency control for two diode
lasers

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

Maki Tachikawa*, Azusa Muraoka, Hidenori Suzuki, and Yoshiki Matsuzaki
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Supercooled water exhibits unique physical properties such as a negative thermal expansion and the ther-
modynamic singularity around -45 °C. Although it is generally accepted that hydrogen bonding between water
molecules is responsible for the properties, their detailed mechanism is not well understood. We probe thermody-
namic anomalies of liquid water in highly supercooled state by use of optical trapping and Raman spectroscopy.
Micron-sized drops of purified water are levitated in air and cooled down to -35 °C free from contact freezing.
Stokes photons are scatterred from water molecules excited by the trapping radiation. An enthalpy change due to
hydrogen-bond breaking is derived from temperature dependence of the Raman spectral profile in the OH stretch-
ing band. The isobaric heat capacity calculated from the enthalpy data shows an anomalous increase as the tem-
peratures approaches -45 °C, suggesting the existence of the second critical point [1].
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[1] P. H. Poole, F. Sciortino, U. Essmann, H. E. Stanley, Nature 360, 324 (1992).
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Dielectronic recombination of low-ionized tungsten ions

U. 1. Safronova'*, A. S. Safronova', and P. Beiersdorfer?
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Our recent work on theoretical studies of dielectronic recombination of W ions focuses first on highly ion-
ized [1] and now on low-ionized W ions [2]. In particular, energy levels, radiative transition probabilities, and
autoionization rates for [Cd]4f"5p®5/ml, [Cd]4f"5p°6I'nl, [Cd] 4f “5p°5dPnl, [Cd] 4 f"*5p°5d61 nl, [Cd]
4f35pS5d°nl, and [Cd] 4 f5p°5d6l'nl (I'=d, f,g,!"=s,p,d,[=s—g, and n =15 - 7) states of Yb-like tungsten
(W*) are calculated and compared using the relativistic many-body perturbation theory method (RMBPT code),
the Multiconfiguration relativistic Hebrew University Lawrence Livermore Atomic Code (HULLAC code), and the
Hartree-Fock-Relativistic method (COWAN code). It allows to critically evaluate recommended atomic data for
their accuracy. Synthetic dielectronic satellite spectra are simulated in a broad spectral range from 200 to 1400 A.
This research was supported by DOE under OFES grant DE-FG02-08ER54951.
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Elastic constants of hcp “He through of path integral
Monte Carlo
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Through of Path Integral Monte Carlo method (PIMC) we determine the elastic constants of solid “He in its
hep phase. These elastic properties are very important in view of their apparent involvement in the phenomenon
of supersolidity in solid “He. The stiffness coefficients are obtained by imposing different distortions to a periodic
cell containing 180 atoms, followed by measurement of the elements of the corresponding stress tensor. For this
purpose an appropriate path-integral expression for the stress tensor observable is derived and implemented into the
PIMC++ package. A comparison of the results to available experimental data shows an overall good agreement of
the density dependence of the elastic constants, with the single exception of C,;.
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Observation of topologically stable 2D skyrmions in an
antiferromagnetic spinor Bose-Einstein condensate

J. Choi, W. J. Kwon, S. W. Seo, M. Kim, M. Lee, and Y. Shin*

Department of Physics and Astronomy, Seoul National University, Seoul, South Korea
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We observed the two-dimensional skyrmion excitations and its time-dependent phenomenon in quasi-2D polar
Bose-Einstein condensate of F=1 23Na atoms, where 2D skyrmion is topologically protected. [1] Spin rotation
method was used to imprint skyrmion spin textures on the condensate. The skyrmion was stable about tens of ms,
but decayed to a uniform spin texture after all. The collapse of the skyrmion indicates that the polar phase inside the
condensate is being broken during time evolution without topological charge density flow from the outside of the
finite size condensate. We suggest the possible formation of Half-quantum vortices in the collapse process
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Vortex lattices in two-species Bose-Einstein condensates
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One of the most remarkable characteristics of a Bose—Einstein condensate is that it responds to rotation by
forming quantized vortices. In this theoretical work, we investigate vortex lattices in a rotating two-component
condensate in which the components have unequal atomic masses and interact attractively with each other [1]. We
show that when the ratio of the atomic masses is suitable and the intercomponent attraction is sufficiently strong,
the system exhibits unconventional ground-state vortex structures in a harmonic trap, such as lattices having a
square geometry or consisting of two-quantum vortices. The exotic lattices can be understood in terms of the Feyn-
man relation, which states that the vortex density is proportionalto the atomic mass, and they should be realizable
with current experimental techniques.
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Two mode at Bose-Einstein Condensate in triple well
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In this work we investigate the dynamics of a system constituted by Bose-Einsten condensate in three well in
line [1, 2]. This system presents among its collectives modes, a behavior of two-mode called twin mode [3, 4].The
twin modes are generated over specific initial conditions and only in this mode there are not chaos when we change
the interaction parameters.

We used the semi-classical Hamiltonian form obtained by three modes through the coherent state transforma-
tion based in the su(3) algebra [5]. We analyzed a way to obtain a hamiltonian semi-classical two-mode [6] by
canonical transformation from semi-classical three-mode model.
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Unlock the mystery of near-resonance Bose gases

Fei Zhou

Department of Physics and Astronomy, University of British Columbia, Vancouver, Canada
*feizhou@phas.ubc.com

The properties of quantum gases beyond the usual dilute limit have been one of the most challenging topics in
the field of quantum many-body physics. In this talk, I am going to report the recent results of our theoretical studies
on Bose gases near resonance or at large scattering lengths. We show that 3D Bose gases near resonance are nearly
fermionized, analogous to one-dimensional Tonks-Girardeau gases of hardcore bosons. Furthermore, beyond the
Lee-Huang-Yang dilute limit, the chemical potential reaches a maximum when approaching the resonance from
the molecule side and an onset instability sets in at a positive critical scattering length. We attribute this peculiar
property to the sign change of the effective interactions due to a many-body renormalization effect. The effect of
Efimov states on the chemical potential is estimated to be around a few percent.
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Crystallized merons and inverted merons in the
condensation of spin-1 Bose gases with spin-orbit
coupling
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The non-equilibrium dynamics of a rapidly quenched spin-1 Bose gas with spin-orbit coupling [1] is studied.
By solving the stochastic projected Gross-Pitaevskii equation, we show that crystallization of merons can occur in
a spinor condensate of 87Rb. The stability of such a crystal structure is analyzed. Likewise, inverted merons can
be created in a spin-polarized spinor condensate of 23Na. Our studies provide a chance to explore the fundamental
properties of meron-like matter.
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Bose-Einstein condensation of Rb by direct evaporation
in an optical dipole trap

Anna L. Marchant*, Timothy P. Wiles, Manfred M. H. Yu, and Simon L. Cornish

Department of Physics, Durham University, South Road, Durham, DHI 3LE, UK
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Bose-Einstein condensates of °Rb are produced by direct evaporation in a crossed optical dipole trap [1]. The
independent control of the trap frequencies and magnetic bias field afforded by the trapping scheme permits full
control of the trapped atomic sample, enabling the collision parameters to be easily manipulated to achieve efficient
evaporation in the vicinity of the 155 G Feshbach resonance.

The tunable nature of the atomic interactions in 3°Rb makes it possible to initiate a collapse of the condensate
which can, in the right trapping geometry, result in the creation of bright matter-wave solitons. These self-stabiliz-
ing wave packets arewell localized due to attractive atomic interactions and hence show great potential as surface
probes for the study of short-range atom-surface interactions [2]. In light of recent theoretical interest, there is also
much scope for the study of binary soliton collisions and the scattering of solitons from barriers with a view to
developing interferometry schemes.
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Cooling by heating a superfluid
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We consider a uniform superfluid confined in two compartments connected by a superleak and initially held at
equal temperatures. If one of the two compartments is heated, a fraction of the superfluid will flow through the su-
perleak. We show that, under certain thermodynamic conditions, the atoms flow from the hotter to the colder com-
partment, contrary to what happens in the fountain effect observed in superfluid Helium. This flow causes quantum
degeneracy to increase in the colder compartment. In superfluid Helium, this novel thermomechanical effect takes
place in the phonon regime of very low temperatures. In dilute quantum gases, it occurs at all temperatures below
T.. The increase in quantum degeneracy reachable through the adiabatic displacement of the wall separating the two
compartments is also discussed.
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Creating and characterizing vortex clusters in atomic
Bose-Einstein condensates

Angela White*, Carlo Barenghi, and Nick Proukakis
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*ang.c.white@gmail.com

We extend available methods for creating vortices in 2D atomic Bose-Einstein condensates by demonstrating
that a moving obstacle, in the form of an elongated paddle, can be used to stir a condensate in two quite different
ways, to create clusters of like-signed vortices, or induce vortices that are dispersed. We introduce new statistical
measures of clustering based on Ripley’s K-function and nearest neighbor techniques which are suitable to the
small size and number of vortices in atomic condensates. These measures are applied to analyze the evolution and
decay of clustering. The theoretical techniques we present are accessible to experimentalists and extend the current
methods of inducing 2D quantum turbulence in Bose-Einstein condensates.
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Vortex core deformation in spin-1 BECs

Justin Lovegrove*, Janne Ruostekoski, and Magnus O. Borgh

School of Mathematics, University of Southampton, UK
*.lovegrove@soton.ac.uk

We have numerically minimised the free energy of a rotating, spin-1 BEC in 3 dimensions to determine the
structure of the core of a singular, singly-quantised vortex. For the polar state, the vortex splits into two half-quan-
tum vortices, each with a ferromagnetic core. In the ferromagnetic state, a hybrid spin disgyration and phase vortex
forms, again with the core filled with the polar state. These results agree with studies in 2 dimensions[ 1, 2], though
previously the nature of these core structures has not been understood. We also report on the stability of these vor-
tices for varying spin-dependent scattering lengths, rotation frequencies, linear and quadratic Zeeman splittings in
isotropic or strongly oblate harmonic traps.
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Stability of ring dark solitons in toroidal Bose-Einstein
condensates

Lauri Toikka* and Kalle-Antti Suominen
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We investigate the effect of toroidal confiment on the stability of ring dark solitons, and propose a simple model
to explain the main features of the snake instability [1]. We predict the number of vortex-anti-vortex pairs produced
in thesnake instability and compare to numerical simulations. In our simulations toroidal confiment accelerates the
onset of the snake instability compared to e.g. a cylindrical trap of similar size.

We also investigate the connection between imaginary Bogoliubov modes and the snake instability using the
exact soliton-like dark ring solution of the radial Gross-Pitaevskii equation [2]. There exists only a single imaginary
eigenvalue, and we show it corresponds to the snake instability.
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A hybrid optical and magnetic ultracold atom chip system
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High resolution optical access (< 1 pm) to ultracold atoms offers new capabilities and insights into applications
where single-site resolution and control of optical lattices is warranted [1, 2]. Using ColdQuanta’s GlasSi™ atom
chips, we have demonstrated high-resolution imaging and optical control in a vacuum system small enough to be
held in one’s hand. GlasSi atom chips have substrates comprised of arbitrarily defined glass and silicon regions.
Using these chips, ¥Rb BECs were produced within 100 pm of a window in the atom chip. Using high numerical
aperture (NA) optics placed outside of the vacuum system and within 1 mm of the atoms, we obtained resolutions
of 2.5 um, which is within a factor of 4 for the NA of 0.6 and imaging wavelength of 780 nm. Using the optics in
reverse, optical potentials can be projected onto the atoms with the same high resolutions. As an example, we show
images of a BEC sliced into multiple pieces by a blue-detuned laser.
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Critical rotation of an annular superfluid Bose gas

Romain Dubessy, Thomas Liennard, Paolo Pedri, and Héléne Perrin*
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F-93430 Villetaneuse
*helene.perrin@univ-paris13.fr

After the pioneering work on persistent flow in helium, recent experimental success at producing circulating
superfluid flow of Bose gases in annular traps has focused interest on the issue of dissipation of this macroscopic
quantum state.

In this work [1], we analyze the excitation spectrum of a superfluid Bose-Einstein condensate rotating in a ring
trap. We identify two important branches of the spectrum related to external and internal surface modes that lead to
the instability of the superfluid. Depending on the initial circulation of the annular condensate, either the external or
the internal modes become first unstable. This instability is crucially related to the superfluid nature of the rotating
gas. In particular we point out the existence of a maximal circulation above which the superflow decays spontane-
ously, which cannot be explained by invoking the average speed of sound.
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High-contrast spatial interference of condensates

Chris Carson, Mateusz E. Zawadzki, Paul F. Griffin, Erling Riis, and Aidan S. Arnold

Dept. of Physics, SUPA, University of Strathclyde, Glasgow G4 ONG, UK

We use magnetic levitation and a variable-separation dual optical plug to obtain clear spatial interference be-
tween two condensates axially separated by up to 0.25mm — the largest separation observed with this kind of in-
terferometer. Clear planar fringes are observed using standard (i.e. non-tomographic) resonant absorption imaging.
The ‘magnifying’ effect of a weak inverted parabola potential on fringe separation is observed and agrees well
with theory [1]. With longer levitation we recently observed single-shot interference contrasts of 95%, close to the
theoretical limit due to pixellation of the sinusoidal fringes on our CCD camera.
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Hanbury Brown and Twiss correlations across the Bose-
Einstein condensation threshold
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The seminal experiments of Hanbury Brown and Twiss on the measurement of photon correlations have been
pivotal to the advancement of quantum optics. Drawing on the analogy between photons and atoms, similar meth-
ods have recently been developed for matter waves sources. Relying on the single atom sensitivity of a novel
fluorescence detection scheme, we have measured the density density correlation of Bose gases across the phase
transition to Bose-Einstein condensation [1]. We are able to observe the gradual establishment of long range order
while still being sensitive to the residual thermal excitations in the system. Moreover, we observe an anticorrelation
at finite distances that can already been qualitatively interpreted within ideal gastheory.
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Recurrence time of quantum dynamics in the interacting
1D Bose gas
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The quantum dynamics of interacting particles has recently attracted much interest associated with the ques-
tion of “equilibration” and “thermalization” of isolated systems. In Ref. [1] the exact relaxation dynamics of a
localized many-body state in the 1D Bose gas has been shown explicitly through the Bethe-ansatz method. Here,
the localized many-body state gives a localized density profile which is the same with that of a dark soliton in the
Gross-Pitaevskii equation. In our study, we calculate the dynamics of a quantum soliton exactly and observe the
localized state collapsing into a flat profile in equilibrium for a large number of particles. Furthermore, we show a
recurrence phenomenon for a small number of particles. In this presentation, we report the result of the dependence
of the recurrence time on the number of particles and the interaction strength.
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Intensity correlations of Bose-Einstein-condensed light in
a dye microcavity
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In recent work, we have observed Bose-Einstein condensation of a two-dimensional photon gas in an optical
microcavity [1]. Here, the transversal motional degrees of freedom of the photons are thermally coupled to the cav-
ity environment by multiple absorption-fluorescence cycles in a dye medium, with the latter serving both as a heat
bath and a particle reservoir. Due to particle exchange between photon gas and molecular reservoir, grandcanonical
experimental conditions are expected to be realized in this system — unlike in the presently available atomic BEC
experiments. Under these conditions, a regime with strong fluctuations of the condensate number (fluctuation catas-
trophe) is theoretically expected [2]. I will give an update on the current status of our theoretical and experimental
work.
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Ab initio stochastic model for 2D Bose gas experiments:
no free parameters
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Following the successful description of atom chip experiments [1], the stochastic Gross-Pitaevskii equation
(SGPE) is shown to give an excellent ab initio description of weakly interacting, finite temperature two-dimension-
al Bose gases, accurately reproducing the experiment of Hung et al. [2]. This is achieved by addressing a common
limitation of ‘classical field” applications to date, associated with the appropriate momentum cut-off choice in the
otherwise divergent ‘classical’ theory. Using a systematic approach based on the modified Popov theory [3], we
show how to fix the momentum cut-off inherent in the SGPE so that it no longer corresponds to a free parameter.
The excellent agreement between theory and experiment shown here at equilibrium forms an important basis for
future studies of the dynamics of non-equilibrium 2D Bose gases. We acknowledge funding from EPSRC (EP/
F055935/1).
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Engineering entanglement for metrology with rotating
matter waves
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By rotating a collection of ultracold bosons in an asymmetric trapping potential at just the right frequency, it
is possible to induce a quantum phase transition between two macroscopically distinct states. A recent theoretical
study [1] has shown that for weakly interacting systems the critical frequency at which this occurs can be predicted
accurately by considering only the lowest Landau level (LLL) and that the resulting state is highly entangled. We
consider a more detailed calculation and show the surprising result that, although the LLL approximation predicts
the frequency well, it is a very poor predictor of both the quantum Fisher information and the precise form of the
entangled state. This issues a warning about relying on this approximation for certain applications. Our more
detailed calculation reveals a rich system for engineering a range of interesting entangled states with potential ap-
plications to quantum metrology.
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Quantum Kinetic Theory of Collisionless Superfluid
Internal Convection
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Superfluids can transport heat independently of mass via simultaneous opposite flows of their spatially inter-
penetrating superfluid and thermal components. This phenomenon of internal convection is known from experi-
ments on superfluid Helium and is usually described within Landau’s phenomenological two fluid hydrodynamics.
Applying quantum kinetic theory to a dilute Bose gas held between two thermal reservoirs at different tempera-
tures, we identify the same phenomena in the collisionless Bogoliubov regime of a Bose-condensed gas [1]. The
emergence of internal convection as an environmentally induced coherent effect requires a long quasi-particle life-
time within the thermal reservoirs, and its analysis needs explicit treatment of non-resonant master equation terms.
Our results for the energy and particle currents suggest that internal convection should be directly observable in
currently feasible experiments on trapped ultracold vapors.
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Instabilities of periodic soliton patterns with a long-ranged
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We study the existence and stability of self-organized periodic soliton solutions in the quasi-one-dimensional
homogeneous system, but with a long-ranged interaction. The imposed period condition induces oscillatory un-
stable modes when the degree of long-ranged interaction is small; while the system involves into a quasi-linear
and stable one when the long-ranged interaction is large. In terms of Jacobian elliptic functions, parameter space to
support stable period soliton patterns would be illustrated.
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Based on our experience with single-atom detection using integrated micro-optics [1] we build a new experi-
ment heading for a detection efficiency of > 0.95. This will enable us to study properties of single atoms as well as
interatomic correlations at shot noise limit. In combination with standard imaging techniques we can compare the
macroscopic properties of Bose-Einstein condensates with the coherence properties of its constituents. Using the
flexibility of our atom chip in sculpturing different magnetic potentials, we will be able to study different regimes:
3D condensates and quasicondensates both in equilibrium as well as in a controlled 1D expansion, thus entering the
regime of non-equilibrium dynamics.

As a second project we are going to combine magnetic chip traps with photonic structures, namely tapered
nanofibers and photonic crystal fibers in order to strongly couple light to a tightly confined atomic ensemble, en-
abling us to study EIT, light storage and polariton gases in a quasi 1D geometry.
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A mesoscopic gas of spin 1 bosons
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One of the most active topic in the field of ultra cold quantum gases is the study of interacting many-body
systems with spin [1,2]. Atoms with arbitrary Zeeman structure can be trapped by far-detuned optical traps. In our
group, we construct an all-optical setup in order to study spin 1 condensates in sodium gases. We achieved to reach
Bose-Einstein condensation regime by MOT pre-cooling and two-stages evaporative cooling, with about 5000 at-
oms. We explore the phase diagram with magnetization and magnetic field at low temperature in equilibrium state.
Two phases are found, reflecting a competition between the spin-dependent interaction and the quadratic Zeeman
energy. The measurements are in quantitative agreement with mean-field theory and single mode approximation.
We also notice an abnormal large fluctuation at small magnetization and low magnetic field, which opens future
works for us.
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Nonthermal fixed points and superfluid turbulence in an
ultracold Bose gas
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Turbulence appears in situations where, e.g., an energy flux goes from large to small scales where finally the
energy is dissipated. As a result the distribution of occupation numbers of excitations follows a power law with a
universal critical exponent. The situation can be described as a nonthermal fixed point of the dynamical equations.
Single-particle momentum spectra for a dynamically evolving Bose gas are analysed using semi-classical simula-
tions and quantum-field theoretic methods based on effective-action techniques. These give information about
possible universal scaling behaviour. The connection of this scaling with the appearance of topological excitations
such as solitons and vortices is discussed. For the one-dimensional case, a random-soliton model provides analyti-
cal results for the spectra, and their relation to those found in a field-theory approach to strong wave turbulence is
discussed. The results open a view on solitary wave dynamics from the point of view of critical phenomena far from
thermal equilibrium and on a possibility to study non-thermal fixed points and superfluid turbulence in experiment
without the necessity of detecting solitons and vortices in situ.
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Rapid formation of Rubidium Bose-Einstein Condensates
in a crossed dipole trap with tunable trap aspect ratio
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We report on the rapid formation of Rubidium Bose-Einstein Condensates (BEC) in a dipole trap. The experiment
comprises a simple vapor cell MOT and two single-focused Nd: YAG laser beams crossing at a small angle. The two
dipole beams, each with 8 W of power, are tightly focused and are overlapped with the MOT. The laser-cooled atoms
are directly loaded into the dipole trap and are forced to evaporate till the formation of BEC. Tuning the crossing an-
gle of the two single-focused beams allows us to greatly tune the longitudinal trap frequency, as well as the effective
trap volume, which play important roles for the initial loading number and subsequent efficiency of evaporation.
We will report the study details and future direction of this experiment.

Reference

[1] Barrett, M. D., Sauer, J. A. & Chapman, M. S. All-optical formation of an atomic Bose-Einstein condensate. Phys. Rev. Lett.
87, 010404 (2001).

Bose gases Tu-070

Ultra-sensitive in situ imaging for matter-wave optics
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Quantum degenerate Fermi gases and Bose-Einstein condensates give access to a vast new class of quantum
states. The resulting multi-particle correlations place extreme demands on the detection schemes. Here we intro-
duce diffractive dark-ground imaging as a novel ultra-sensitive imaging technique [1]. Using moderate detection
optics, we image clouds with less than ten atoms with near-atom shot-noise-limited signal-to-noise ratio. This is an
improvement of more than one order of magnitude comparedto our standard absorption imaging. We also analyse
the mechanical effects of the probe beam onto the atoms. We show that the resulting Doppler shift has to be taken
into account even for moderate saturation intensities (s=0.1) and exposure times (100 us).
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Two-body anticorrelation in harmonically trapped Bose
gases
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Density fluctuations in degenerate Bose gases are quantified by the second-order coherence function [1]
g?(r,r’), which for ideal and weakly interacting gases typically ranges from values g (r, r) = 2 at zero sepa-
ration, to a value of 1 at large separations |r —r’|. Here we show that nonlocal density-density anticorrelations
g (r,r') <1 can manifest in a harmonically confined ideal Bose gas. In the grand-canonical ensemble, this phe-
nomenon is obscured by the “fluctuation catastrophe” of the ideal Bose gas [2], and a careful canonical-ensemble
treatment of the condensate number fluctuations is required to accurately quantify the magnitude of the anticorrela-
tion. We also discuss how interactions in elongated and quasi-one-dimensional interacting Bose gases suppress the
density anticorrelations in position space, but amplify the corresponding anticorrelations in momentum space, and
compare our theoretical predictions with the results of recent experiments [3].
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Quantised decay of high charge vortices in an annular
BEC
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We present work on metastability and decay of multiply-charged superflow in a ring-shaped BEC [1]. A holo-
graphically generated Laguerre-Gauss(LG) beam is used to both trap and rotate a condensate of Rb%” atoms. The at-
oms are rotated via a two-photon Raman process using the trapping LG beam with a Gaussian beam to impart a well
defined amount of angular momentum in quantised units of /. Supercurrent corresponding to a giant vortex with
topological charge up to q=15 is phase imprinted optically and detected both interferometrically and kinematically.
We observe q=3 superflow persisting for over a minute and clearly resolve resolve a cascade of quantised steps in
the eventual decay of the supercurrent. These stochastic glitches in the superflow, associated with vortex-induced
phase slips, correspond to collective jumps of atoms between discrete q values. Current work is focused on super-
current decay of a co-rotating spinor condensate, where we find the additional degree of freedom introduced by the
two components reduces the stability of superflow.
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Interaction between cold atoms and carbon nano tubes
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We perform a theoretical study of cold atoms interacting with static and vibrating carbon nanotubes. We con-
struct the full finite temperature Casimir-Polder interaction and explore the scattering of atoms on the tube. We find
that elastic quantum reflection can typically be ignored for thermal atom clouds but is important if a Bose-Einstein
condensate is used. Atom loss from the condensate is shown to be highly non-trivial, but provided atomic interac-
tion effects and quantum pressure are included in the description , our simulations describe experiments [1] well.
Finally, we study a vibrating nanotube in a condensate and show that vibration frequencies typical to nanoscaled
objects do not significantly reduce the condensate’s coherence, but certain low frequency oscillations dramatically
heat the cloud.
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Dynamic Kosterlitz-Thouless transition in 2D Bose
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We propose a realistic experiment to demonstrate a dynamic Kosterlitz-Thouless transition in ultra-cold atomic
gases in two dimensions. With a numerical implementation of the Truncated Wigner Approximation we simulate
the time evolution of several correlation functions, which can be measured via matter wave interference. We dem-
onstrate that the relaxational dynamics is well-described by a real-time renormalization group approach, and argue
that these experiments can guide the development of a theoretical framework for the understanding of critical
dynamics.

This poster is based on Ref. [1].
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Calorimetry of a Bose-Einstein condensate
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We investigate the heat capacity of a Bose-Einstein Condensate (BEC) following the suggestions by Blakie
et al. [1]. We start with a BEC of ¥Rb atoms, close to zero temperature, trapped in the intersection of two focused
CO, laser beams. The trap is turned off for times in the order of a millisecond, during which it expands ballistically
and falls under gravity. The atoms are then recaptured, and the atoms are allowed to reach thermal equilibrium.
Subsequently, the temperatureof the atomic ensemble is measured by time-of-flight. We present some new mea-
surements, varying the interaction strength by the trap depth, as well as the energy transferred by the drop time.
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Quantum and thermal density fluctuations in 1D Bose
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We have carried precise studies of density fluctuations in weakly repulsive 1D Bose gases held in atom chip
traps, using hundreds of pictures and carefully analysing the statistics of atom number in the imaging pixels. Pre-
viously, fluctuations were used to precisely study the thermodynamics of 1D Bose gases. Fluctuations up to the
third moment were measured and the transition from the ideal gas to the quasicondensate regime was mapped out
in the temperature-density space [1]. Observing subpoisonian fluctuations marked the entrance into the quantum
quasicondensate regime, and the regime of strong interactions was approached [2]. Here, at record low tempera-
tures, using a non-local analysis at variable observation length, we observe a clear discrepancy with a classical
field model which unambiguously proves our direct detection of quantum fluctuations, as the thermodynamic limit
breaks down [3].
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Thermal spin fluctuations in spinor condensates
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Spinor gases present a rich physics due to the interplay between internal and external degrees of freedom. We
study the finite-temperature physics of spinor condensates in two different scenarios. We first consider dynamically
stable spin-1 condensates inthe Zeeman m=0 state, and study the thermal population of m=1 via spin-changing
collisions. Interestingly, these collisions are typically characterized by a very low energy, and as a consequence, for
magnetic fields close to the dynamical instability, the spinor populations may be extremely sensitive to temperature.
We then analyze dynamically stable Chromium F=3 condensates in m=3, where magnetic dipolar interactions
introduce spin relaxation, which leads not only to a very temperature-sensitive population of m=2, but also to a
non-trivial angular dependence of the activated m=2 atoms. The discussed thermal effects may be employed for
thermometry at very low temperatures.
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We experimentally investigate the instability and collapse dynamics of a dipolar Bose-Einstein condensate
(dBEC) in a 1D optical lattice. In contrast to the usual method relying on a change in the interaction strength, the
instability is here initiated by a modification of the external confinement potential, while keeping the interaction
strength constant. Only a dBEC offers this possibility, since its stability depends on the lattice depth due to the
anisotropic dipole-dipole interaction [1]. We consider a %Cr BEC with reduced scattering length, initially confined
in a trap created by a shallow optical lattice superimposed to a crossed optical dipole trap. We show that its instabil-
ity can be induced in-trap by decreasing the lattice depth below a critical value. We also show that a dBEC initially
stabilized by the lattice may become unstable and collapse during the time-of-flight dynamics upon release, which
is a unique feature of dipolar systems in optical lattices.
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Observation of Feshbach resonances in ultracold Er gases
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We report on the first measurements of Feshbach resonances in ultracold gases of submerged-shell atoms. Our
experiments focus on '**Er, which is a highly magnetic atom of the lanthanide series. Because of its large magnetic
moment of 7 y, with z, the Bohr magneton, and a non-S electronic ground state, Er features very strong anisotropic
interactions, which are not accessible with alkali atoms. It has recently been predicted that Feshbach resonances
in lanthanide atoms, as Er and Dy, are induced by the strong anisotropy of the dispersion interaction and magnetic
dipole-dipole interaction [1]. Our measurements show a rich Feshbach spectrum in the low magnetic field region
below 50 G and thus give first insights into the scattering physics of lanthanide atoms.
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Ultracold quantum gases can serve as bench mark systems for strongly interacting manybody physics [1].
Conventional alkali atomic systems at ultra low temperatures exhibit interaction potentials that have essentially
zero range. If long range interaction can be introduced, many intriguing effects and new quantum phases will be
accessible. Examples are real space long range (crystalline) order for bulk systems, supersolids and fractional Mott
insulators in optical lattices. Two promising candidates for ultra cold particles with tunable long range interaction
are Rydberg atoms and ground state polar molecules. We are setting up an experiment to create ultracold NaK
molecules. In this system instability due to inelastic two body collisions known from pioneering experiments [2] is
absent and chances are good to reach far into the interesting parameter space.
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Dipolar quantum gas systems at ultralow temperatures are expected to exhibit novel many-body quantum phas-
es as a result of the long-range and anisotropic dipole-dipole interaction. The present work focuses on the creation
of ultracold samples of polar ground-state RbCs molecules. We first produce two spatially separated Bose-Einstein
condensates (BEC) of Rb and Cs atoms [1]. After overlapping the BECs we produce weakly bound RbCs molecules
[2] using the Feshbach-association technique. We transfer the molecules into the rovibrational ground state[3] with
90% efficiency by employing the STIRAP (Stimulated Raman Adiabatic Passage) method. Our next goal is to
improve the production efficiency for the RbCs molecules by performing the Feshbach association and STIRAP
transfer in the presence of an optical lattice.
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Ultracold polar molecules in the quantum degenerate regime open the possibility of realizing strongly corre-
lated quantum systems with long-range and spatially anisotropic interactions. Although KRb is observed to undergo
bi-molecular chemical reactions at ultralow temperatures [1], the anisotropy of the dipole-dipole interaction can be
exploited to suppress these chemical reactions by trapping the molecules in a one-dimensional optical lattice [2].
In this reduced 2D geometry, the repulsive dipole-dipole interaction further enhances the p-wave barrier between
two indistinguishable fermionic molecules, drastically reducing the chemical reaction rate. We now demonstrate
evaporative cooling of KRb in this reduced geometry. Although s-wave scattering is forbidden by quantum statis-
tics and the rethermalization rate from p-wave collisions is negligible, the molecules rethermalize via long range
dipole-dipole interactions. The observed increase in phase space density is an important step towards the explora-
tion of collective quantum effects in an ultracold gas of molecules.
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Most researches on quantum degenerate gases in optical lattices so far have considered only short-ranged,
isotropic, and Van der Waals type interactions of alkali atoms. However, recent experimental realizations [1, 2] of
almost pure dipolar gases of dysprosium-161 and erbium-168 offer fascinating opportunities to study how long-
ranged, anisotropic, and dipole-dipole interactions modify the properties of trapped quantum gases of bosons and
fermions. We have investigated collective excitation of dipolar bosons trapped in a 2D optical lattice using numeri-
cal simulations for different trap geometries. It is found that anisotropic trap has great impact on the collective
mode shift. As the number of atoms decreases, our result demonstratesdisagreement with the one predicted in the
Thomas-Fermi limit.

References
[1] M. Lu, N. Q. Burdick, and B. L. Lev, Quantum Degenerate Dipolar Fermi Gas, Phys. Rev. Lett. 108, 210301 (2012).
[2] K. Aikawa, A. Frisch, M. Mark, S. Baier, A. Rietzler, R. Grimm, and F. Ferlaino, Bose-Einstein Condensation of Erbium,

Phys. Rev. Lett. 108, 210401 (2012).

Tu-084 Fermi gases
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Multi-component fermion systems give rise to many intriguing physical phenomena, such as baryon formation
and SU(N) symmetric magnetism. We report on the realization of a spin-9/2 fermionic quantum gas of “°K atoms in
an optical lattice and study its fundamental spin-exchange processes [1]. At low magnetic fields, interactions allow
for dynamical exchange of the internal spin, while at high fields the spins are stable. The spin dynamics is initialized
by a quench of the magnetic field between these regimes. For isolated atom pairs, long-lived coherent oscillations of
the spin populations are observed and a spin resonance as a function of the magnetic field is identified. The results
are in very good agreement with numerical calculations including all scattering channels. Allowing for tunneling in
one direction, we observe a damping of the coherent oscillations. We attribute this to a melting of the initial band
insulator, induced by spin-changing collisions which open additional spin channels.
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Feynman diagrams versus Fermi-gas Feynman emulator
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Precise understanding of strongly interacting fermions, from electrons in modern materials to nuclear matter,
presents a major goal in modern physics. For the first time, we sum the series of Feynman diagrams for such a
many-body problem to essentially infinite order. This is made possible by a new theoretical approach, Bold Dia-
grammatic Monte Carlo (BDMC), combining a Monte Carlo process capable of sampling billions of diagrams, bold
lines representing fully dressed propagators, and divergent-series resummation techniques. Specifically, we com-
pute the equation of state of the unitary gas in the normal unpolarised phase. We cross-validate the results with new
precision experiments on ultra-cold °Li atoms at the broad Feshbach resonance. Excellent agreement demonstrates
that a series of Feynman diagrams can be controllably resummed in a non-perturbative regime using BDMC. This
opens the door to the solution of challenging problems across many areas of physics.
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We study the stability region of the topological superfluid phase in a trapped two-dimensional polarized Fermi
gas with spin-orbit coupling and across a BCS-BEC crossover. Due to the competition between polarization, pair-
ing interaction, and spin-orbit coupling, the Fermi gas typically phase-separates in the trap. Employing a mean-field
approach that guarantees the ground-state solution, we systematically study the structure of the phase separation
and investigate in detail the optimal parameter region for the preparation of the topologically nontrivial superfluid
phase. We then calculate the momentum space density distribution of the topological superfluid state and dem-
onstrate that the existence of the phase leaves a unique signature in the trap integrated momentum space density
distribution which can survive the time-of-flight imaging process [1].
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Dynamic spin response of a strongly interacting Fermi gas
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Two-component Fermi gases near Feshbach resonances exhibit universal properties and provide a well con-
trolled setting to explore many-body phenomena in highly correlated quantum systems. Probing dynamic response
functions, such as the dynamic spin susceptibility, can reveal new universal aspects in the dynamics of these sys-
tems. Here we present the first measurement of the dynamic spin response of a strongly interacting °Li Fermi gas in
the two ground states using Bragg spectroscopy. By appropriate choice of the Bragg laser detuning either the spin
or the density response can be measured independently. This allows full characterisation of the spin-parallel and
spin-antiparallel components of the dynamic S(k, w) and static S(k) structure factors. At high momentum transfer £,
the spin response is suppressed at low energies due to pairing and displays a universal high frequency tail, decaying
as w2, where fiw is the probe energy [1,2].
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Mass imbalanced system has attracted current interest since the successful realization of the superfluid (SF)
state in the Fermi-Fermi mixtures with distinct ions, “°K and °Li [1,2]. One of the interesting problems in such a
mass imbalanced system is how the SF state is realized in the optical lattice. It is known that in the lattice model,
a density wave (DW) state is stabilized since less mobile fermions tend to crystallize. Therefore, it is necessary to
clarify how the SF state coexists or competes with the DW state at low temperatures. Here, we studyf the infinite-
dimensional attractive Hubbard model with different masses [3], combining dynamical mean-field theory with the
continuous time quantum Monte Carlo simulations. It is clarified that the coexisting (supersolid) state is indeed
realized in the mass imbalanced system [4]. The low-temperature phase diagram is then determined.
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Conduction properties of ultracold fermions
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We experimentally study the conduction properties of ultracold fermionic atoms flowing through a quasi two-
dimensional channel connecting macroscopic, incoherent reservoirs. An atomic current is induced by creating an
imbalance in the particle number of the two reservoirs. Combining the measurement of the current with the high-
resolution in-situ measurement of the density in the channel, we observe the drop of chemical potential due to the
contact resistance which develops at the contacts between the ballistic channel and the reservoirs [1].

Analogous to a field-effect transistor, we use an additional beam to independently tune the atomic density in the
channel region and study the current as a function of the chemical potential. For a strongly interacting Fermi gas we
observe a striking increase of the current which we attribute to the onset of superfluidity. We also study the effect
of disorder for weakly and strongly interacting Fermi gases.
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The dynamics of a single impurity in an environment is a fundamental question in many-body physics. A spin-
up impurity dressed by a bath of spin-down particles, constitutes the Fermi polaron problem. This is the extreme,
but conceptually simple, limit oftwo important quantum many-body problems: the BEC-BCS crossover with spin-
imbalance for attractive interactions and Stoners itinerant ferromagnetism for repulsive interactions. We create
and investigate Fermi polarons in two dimensions and measure their spectral function using momentum-resolved
photoemission spectroscopy [1]. For attractive interactions we find evidence for the disputed pairing transition
between polarons and tightly bound dimers, which provides insight into the elementary pairing mechanism of im-
balanced, strongly-coupled two-dimensional Fermi gases. Additionally, for repulsive interactions we study novel
quasiparticles, repulsive polarons, whose lifetime determine the possibility of stabilizing repulsively interacting
Fermi systems [2].
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Possibility of gapless superfluid states of Fermi atoms in
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Fermi superfluids in optical lattices have attracted much attention due to the possibility of simulating super-
conducting systems with strong correlations. Recently, triangular optical lattices have been realized in order to
simulate geometrically frustrated systems [1]. In this poster, we study Fermi superfluids in triangular lattices to
investigate the effects of frustration on the superfluid states. Using the attractive Hubbard model, we calculate the
superfluid order parameter in the presence of superflow within the BCS-Leggett mean-field theory. We find that
finite order parameter solution exists even when the negative energy Bogoliubov quasiparticle states are occupied.
This indicates the possibility of gapless superfluid state in contrast to the square lattice case [2]. We discuss the
stability of the gapless superfluid states. We calculate the energy spectrum of superfluid collective modes to map
out the stability phase diagram.
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Experiments performed on ultracold °Li atoms have measured the equation of state with great accuraccy [1].
From the high temperature behavior, virial coefficients b, and b, have been extracted. In this work, we have calcu-
lated, using diagramatic techniques, the third virial coefficient b, in the whole BEC-BCS crossover. Our approach
is analytic, and we get closed expressions for b, in terms of the 3 — body T-matrix. We recover in this way the
experimental result of Ref.[1] in the unitary limit. Our results for b, are also in excellent agreement in the whole
BEC-BCS crossover with a previous theoretical work [3] using a totally different approach.
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We investigate one-dimensional two-component Fermi gases with a time-dependent gauge field on the spin
sector. It is known that the ground state of two-component attractive Fermi gases is filled with bound states of up-
spin and down-spin particles and the spin excitation has a gap, which is attributed to the appearance of fermionic
superfluidity. By combining the methods of the Bethe ansatz with complex twists and Landau-Dykhne, we show
that a spin-depairing transition occurs, which may represent a nonequilibrium transition from fermionic superfluids
to normal states with spin currents. We analyze cases of Fermi-Hubbard and Yang-Gaudin models, and show how
filling (density) affects the transition probability.
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We consider spin-1/2 Fermi gases in arbitrary, integer or non-integer spatial dimensions, interacting via a Dirac
delta potential. We first generalize the method of Tan’s distributions that implement short-range boundary condi-
tions to arbitrary dimension and then use it to obtain a set of universal relations for the Fermi gas, which serve as
dimensional interpolation/extrapolation formulae in between integer dimensions. Using these universal properties
we are then able to show that, under very general conditions, effective reduced-dimensional scattering lengths due
to transversal confinement depend on the original three-dimensional scattering length in a universal way. As a direct
consequence, we find that confinement-induced resonances occur in all dimensions different than two without any
need to solve the associated multichannel scattering problem. Finally, we show that reduced-dimensional contacts
— related to the tails of the momentum distributions — are related to the actual three-dimensional contact through
a correction factor of purely geometric origin.



216 Tu-095 Fermi gases

Strongly interacting mixtures of bosonic ?Na and
fermionic YK

Sebastian Will*, Cheng-Hsun Wu, Jee Woo Park, and Martin W. Zwierlein

MIT-Harvard Center for Ultracold Atoms, and Research Laboratory of Electronics,
Massachusetts Institute of Technology, Cambridge, Massachusetts 02139, USA
*sewill@mit.edu

Mixtures of bosonic and fermionic quantum gases can form ideal model systems to study intriguing quantum
phenomena. Polaron and molecule physics as well as exotic many-body quantum phases become accessible when
appropriate Feshbach resonances are available to freely tune the interactions between bosons and fermions. We
have created a new quantum degenerate Bose-Fermi mixture of bosonic »*Na and fermionic *K. We demonstrated
that this mixture offers widely tunable interactions via broad interspecies Feshbach resonances [1]. Over thirty reso-
nances were identified, the broadest of which being located at about 138 G and being 30 G wide. Radiofrequency
spectroscopy in the vicinity of that resonance has allowed us to create ultracold fermionic Feshbach molecules
with lifetimes of up to100 ms. Our work opens up the prospect to create chemically stable, fermionic ground state
molecules of #*Na-*K. Due to a large permanent electric dipole moment of 2.72 Debye long-range dipolar interac-
tions will be strong and set the dominant energy scale in many-body systems of fermionic »*Na-*’K ground state
molecules.
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Atoms trapped in optical lattices have been used successfully to study many-body phenomena. However, the
shape that bosonic ground-state wavefunctions can take is limited, apparently compromising the usefulness of this
approach. Such limitations, however,do not apply to excited states of bosons. The study of atomic superfluids real-
ized in higher Bloch bands, where orbital degrees of freedom are essential, can bring the world of optical lattices
closer to relevant condensed matter systems. We discuss our observations of extremely long coherence times, chiral
superfluid order and topological features in higher bands in a square optical lattice.

References

[1] G. Wirth et al., Evidence for orbital superfluidity in the P-band of a bipartite optical square lattice, Nature Physics 7 , pp.
147-153 (2011).

[2] M. Olschléger et al., Unconventional Superfluid Order in the F Band of a Bipartite Optical Square Lattice, Phys. Rev. Lett.
106 , 015302 (2011).

[3] M. Olschlager et al., Topologically Induced Avoided Band Crossing in an Optical Checkerboard Lattice, Phys. Rev. Lett.
108, 075302 (2012).



Optical lattices Tu-097 217

Matter wave scattering on a time-dependent optical lattice
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We experimentally study the scattering of guided matter waves on a time-dependent amplitude optical lattice.
We observe different types of frequency-dependent dips in the asymptotic output density distribution. Their posi-
tions are compared quantitativelywith numerical simulations. A semiclassical model that combines /ocal Floquet-
Bloch bands analysis and Landau-Zener transition provides a simple picture of the observed phenomena in terms
of elementary absorption-emission Floquet photon processes and Bragg reflections. Finally, we propose and dem-
onstrate the use of this technique with a bichromatic amplitude modulation to design a tunable sub-recoil velocity
filter.
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Magnetic lattices based on periodic arrays of permanent magnetic microstructures [1] provide a promising
complementary tool to optical lattices and have certain distinguishing features including the potential to tailor ge-
ometries of arbitrary shape, to perform in-situ RF evaporative cooling and RF spectroscopy, and to produce highly
stable potentials. Here, we report on the trapping and cooling of ¥Rb F=1 atoms in a 1D 10 pm-period magnetic
lattice. Typically 3x10° atoms are loaded into the magnetic lattice with trap lifetimes of ~ 10 s and evaporatively
cooled to 1-2 mK, which is close to the BEC transition temperature. Using in situ absorption imaging the clouds of
ultracold atoms can be optically resolved in the individual magnetic lattice sites. Potential applications of micron-
period magnetic lattices with honeycomb or triangular lattices to simulate condensed matter systems will be pre-
sented.
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Dual Mott insulator in a spin-dependent optical lattice
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A major goal of the field of ultracold atoms is to realize novel many-body states, and in particular magnetic
states. It has been suggested that a spin-dependent optical lattice can provide the tunability necessary to realize
the Heisenberg Hamiltonian which can give rise to ferromagnetic and antiferromagnetic states [1]. Such a spin-
dependent optical lattice can be realized by tuning the laser wavelength close to the D1 and D2 lines of the alkali
atoms [2]. We have implemented such a lattice to realize the ability to control the interspin interaction energy for a
mixture of two hyperfine states of bosonic *’Rb in a three-dimensional optical lattice. In particular, we have studied
the system in a dual Mott insulator state where the two hyperfine states are both Mott insulators and tuned the in-
terspin interaction energy with the spin-dependent optical lattice.
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Stimulated by recent experiments with ultracold in bichromatic lattices [1], we investigate the evolution of
initially localized wave packets in two quasiperiodic models, namely a discrete nonlinear Schrodinger equation and
a quartic Klein Gordon lattice. In the regime where, in the absence of nonlinearity, all eigenstates are exponentially
localized, we show that the inclusion of a nonlinear term induces a destruction of localization resulting in a subdif-
fusive spreading. We interpret this delocalization on the basis of mode-mode resonances. Two spreading regimes of
weak and strong chaos can be identified by comparing the strength of the nonlinearity with the energy scales of the
underlying linear system. For large enough nonlinearity, a wave packet undergoes self-trapping, as in purely ran-
dom systems. In the quasiperiodic case, however, we find that a partial self-trapping of the expanding wave packet
can also occur at weaker nonlinearity due to the existence mini-gaps in the spectrum.
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We report on the creation of Dirac points with adjustable properties in a tunable honeycomb optical lattice.
Using momentum-resolved interband transitions, we observe a minimum band gap inside the Brillouin zone at the
position of the Dirac points. We exploit the unique tunability of our lattice potential to adjust the effective mass
of the Dirac fermions by breaking the inversion symmetry of the lattice. Changing the lattice anisotropy allows
us to move the position of the Dirac points inside the Brillouin zone. When increasing the anisotropy beyond a
critical limit, the two Dirac points merge and annihilate each other. We map out this topological transition and find
excellent agreement with ab initio calculations. Our results not only pave the way for using cold atoms to model
materials where the topology of the band structure plays a crucial role, but also provide the possibility to explore
many-body phases resulting from the interplay of complex lattice geometries with interactions.

Optical lattices Tu-102

Rydberg atoms in optical lattices

Sarah E. Anderson* and Georg Raithel

Department of Physics, University of Michigan, Ann Arbor, M1, USA
*andsare@umich.edu

We investigate highly excited Rydberg atoms in optical-lattice traps. The potential experienced by a Rydberg
atom in an optical lattice is given by the spatial average of the free-electron ponderomotive energy due to the laser
field, weighted by the Rydberg electron’s probability distribution. Here, we study the dependence of the potential
on the angular portion of the atomic wavefunction. Experimentally, the angular dependence of the potential is dem-
onstrated using various (7, m;) levels of #*Rb Rydberg nD states (50 < n < 65) in both an optical lattice (wavelength
1064 nm) and transverse electric field. We present measurements of the lattice depths for various (j, m;) levels and
compare them to theoretical results. The tunability of Rydberg-atom trapping potentials using the angular degrees
of freedom will be important for applications of Rydberg-atom optical lattices.
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The tripod scheme implies that the coupling and probe resonant beams are applied in a two-dimensional ge-
ometry [4]. This geometry is particularly appealing as it allows us to study the effect of the phase difference be-
tween two standing waves on the diffraction pattern. In this contribution we study the electromagnetically induced
phase and amplitude gratings in the tripod configuration scheme. The medium is optically thick and assumed to be
homogeneously-broadened. We analyze the four-level scheme driven by the three fields using a density matrix for-
malism. Thus, our model is based on solving Liouville equations self-consistently with Maxwell equations. Wave
equations for the fields are written in the approximation of slowly varying phases and amplitudes. We demonstrate
how one can totally suppress diffraction in a desirable diffraction order, or oppositely, amplify a given diffraction
order. As for the efficiency of the diffraction in the first diffraction order, it depends on the level of phase modula-
tion, as expected.

References

[11H.Y. Ling, Y. Q. Li and M. Xiao// Phys. Rev. A 57, 1338-1344 (1998).

[2] M. Mitsunaga and N. Imoto// Phys. Rev. A 59, 4773-4776 (1999).

[3] E. Paspalakis and P. L. Knight // J. Opt. B: Quantum Semiclass. Opt, 4, S372-S375, (2002).
[4] V. Ivanov and Yu. Rozhdestvensky// Phys. Rev. A 81, 033809 (1998).

Tu-104 Optical lattices

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

We numerically studied the localization property of Bose-Fermi mixture systems on one-dimensional incom-
mensurate optical lattices and parabolic confining potentials. We focus on the interaction region where bosons and
fermions are in different phases, especially when fermions are localized and bosons are delocalized. Using quantum
monte carlo simulation we found new localized or delocalized phases which are formed by bose-fermi interactions
and are dependent of the ratio of the density of bosons to that of fermions. We propose a mechanism of these phe-
nomena, showing the visibility of momentum space, the density distributions and the tructure factors.
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Transport and excitations in lattice-trapped bosonic
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Atomic quantum gases in optical lattices allow for fundamental studies of strongly-correlated many-body sys-
tems. We have recently studied transport and excitation effects in 1D atomic mixtures (derived from a BEC) in
component-specific lattices. One experiment [1] addressed the effects of uncorrelated disorder, formed by localized
impurities, on a lattice-modulated 1D Bose gas. Near the superfluid-to-insulator transition, we observed a shift of
the critical lattice depth for the breakdown of transport, in contrast to the case of quasi-disorder from an incommen-
surate optical lattice, where no such shift is seen. In a second experiment [2] we explored the scattering of atomic de
Broglie waves to detect spatial structure in a lattice-modulated 1D Bose gas, as well as the suppression of inelastic
scattering in the band structure. Matter-wave Bragg diffraction is a powerful technique to non-destructively probe
long-range order, such as in spin mixtures, and its tunability precludes limitations on spatial resolution.
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Schwinger-Keldysh approach to a quantum quench in the
Bose Hubbard model
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We use the Schwinger-Keldysh technique to study the real-time dynamics of the Bose-Hubbard model, allow-
ing for a finite-temperature initial state. We find the real-time strong coupling action for the problem at both zero
and finite temperature. This action allows for the description of both the superfluid and Mott-insulating phases. We
use this action to obtain dynamical equations for the superfluid order parameter as hopping is tuned in real time
so that the system crosses the superfluid phase boundary. We find that under a quench in the hopping, the system
generically enters a metastable state in which the superfluid order parameter has an oscillatory time dependence
with a finite magnitude, but with vanishes under time-averaging. We relate our results to recent out of equilibrium
experiments involving cold atoms in traps and point out that equilibration is impeded when the average number of
atoms per site differs in the superfluid and Mott insulating phases.
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Resolution assessment of a fluorescence microscope
for observing single ytterbium atoms trapped in two-
dimensional optical lattice
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7'Yb atom behaves as an ideal qubit, since its 1/2 nuclear spin has long coherence time. Complicated tasks of quantum
information processing will be thus implemented with a 2D quantum gas microscope [1] using the '"'Yb atoms. Using
a solid immersion lens (SIL), both the resolution and the magnification can be improved by factor of » which is the re-
fractive index of the SIL. The brightness of the microscope can also be improved by factor of n?. Here we constructed a
high-resolution microscope consisting of both a glass-corrected objective lens (N.A.=0.42) and the SIL, and evaluated its
resolution using a fluorescence particle with its diameter of 200nm. Obtained resolution was 680nm at 590nm which is
center of transmission wavelength of the optical filter (we are planning to detect 556nm of fluorescence from Yb atoms).
The chromatic aberration was within Spm between 399nm and 556nm. Note that we make a deep potential using 399nm
laser light at the stage of the fluorescence detection.
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High-resolution optical spectra of bosonic ytterbium
atoms in an optical lattice: comparison between numerical
calculations and experiments
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We investigate laser spectra of bosonic 7*Y'b atoms in a three dimensional optical lattice both theoretically and experi-
mentally. With the aid of a ultra-narrow optical transition of the Yb atoms [1], high-resolution spectra are systematically
measured by varying the lattice depth. We also perform the following numerical simulations; first, determine parameters
of the bosonic Hubbard model with the ab initio manner; then, analyze this model based on the Gutzwiller approximation
considering finite temperature effects; finally, calculate the excitation spectra described by the Lehman representation.
Here we consider modifications of the model parameters due to the formation of two-body bound states induced by con-
finement of the lattice potential [2]. The numerical simulations clarify how the spectra change depending on both tem-
peratures and lattice depths. By comparing the numerical results with the measured spectra, we discuss phase transitions
of the present system at finite temperatures.
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Single-particle excitation spectrum and correlation effects
in a Bose-Fermi mixture
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Realizations of the Bose-Fermi Hubbard model in an optical lattice have been demonstrated by S. Sugawa,
et al. [1]. Encouraged by these experiments, we have investigated correlation effects in a mixture of interacting
bosons and polarized fermions [2]. We show that novel correlation effects inherent in the mixture system appear
in the presence of the boson superfluidity. We demonstrate that the correlation effects form a peak structure in the
single-particle excitation spectrum for the fermions in metal, insulator, and supersolid phases. We also address how
the effects appear in a mixture of bosons and two-component fermions.
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Towards Russian optical clock with cold strontium atoms,
present status and performance
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Neutral strontium is an interesting candidate for the realization of an optical clock using a magic-wavelength
optical lattice to store the atoms. I this poster, we will report on our work towards the development of an optical
lattice clock using Sr atoms in the VNIIFTRI. As the first step for the realization of proposed optical clock, we
have efficiently cooled and trapped atoms in a blue magneto-optical trap (MOT) employing a Zeeman slower. The
first stage MOT is operated on the 'S;- 'P, transition at 461 nm. It was demonstrated, that the number of strontium
atoms were substantially increased using the 679 nm and 496 nm repamping diode lasers. The St -MOT is opera-
tive and the first observation of cold atoms is reported. The experimental set-up with ULE —cavity and error signals
are discussed.
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Lattices of atom microtraps on magnetic-film atom chips
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Institute of Physics, Universiteit van Amsterdam

We discuss the latest progress of our experiments with atomic microclouds on a magnetic-film atom chip [1].
So far we have demonstrated a shift register, atom number squeezing close to quantum degeneracy [2], and spatially
resolved, coherent excitation of Rydberg atoms [3]. A recently installed next-generation chip facilitates the continu-
ation of our experiments at trap separations of 10 um. Also our improved imaging setup is presented. We aim to
measure Rydberg-Rydberg Interactions between different microclouds to make quantum gates. Scaling down even
further, we propose to aim for mesoscopic ensemble qubits in a 5 pm lattice, and for direct quantum simulators
using sub-optical lattices of 100 nm period [4].
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Controlled emission and absorption of single photons by
a single ion
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We study emission and absorption of single photons by a single atom as the fundamental processes in quantum
information technology. We observe the absorption of single resonant photons from an 854 nm SPDC photon pair
source by a single Ca* ion, heralded by the detection of the partner photon. Photon absorption induces a quantum
jump in the ion in coincidence with the arrival of the partner photon [1]. Moreover, we prepare the ion as a polariza-
tion-selective absorber with adjustable basis, and show that the heralded absorption reveals the entanglement of the
photon pairs; this is a prerequisite of photon-to-atom entanglement transfer [2]. We also generate resonant single
854 nm photons by controlled emission from a single ion into a single optical mode at ~ 3000 s rate. We currently
investigate the transmission of these photons and their resonant absorption in a second ion at 1 m distance, enabling
distant entanglement between the ions [3].
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Amelioration of BB84 Quantum transmission protocol
based on Blind detection method
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We report on the development of a Quantum Cryptographic Networks for an approach to more secure commu-
nications, including a BB84 protocol and Blind detection method. Information is encoded in quantum bits (qubits),
intrinsic physical properties, such as polarization of a photon. Quantum physics allows encoding information using
the correlation between two or more particles. Quantum Key Distribution (QKD) is one of the innovative meth-
ods of information processing that emerged from the properties of «superposition of states» and «entanglementy.
QKD is used before classical information is transmitted over conventional non-secure communication channels
like phone lines and optical fiber networks. Since quantum physics laws state that a single particle like a photon
cannot be split or cloned, it certifies the absolute security of communication. In fact, quantum links are combined
with fiber counterparts could extend secure communication between points on earth to a global level. Our proposed
paper presents a blind detection algorithm for linear mixtures of sources and therefore can be applied to systems
of mobile communications. However, in our study it is used for coding and decoding quantum transmissions. The
essential aim of our implementation is to present an example of application for single secure optical communication
using BB84. We expect future applications of this method in quantum communications such as quantum transmis-
sion satellite to each other or satellite to ground station. Our work is a part of approach study and idea to product
Quantum Error Correction Algorithm Control in LEO satellite quantum communications that is ongoing under the
different Space Agency in the world.
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Einstein-Podolsky-Rosen entanglement and quantum
steering for a BEC
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We analyse how to generate multi-particle Einstein-Podolsky-Rosen (EPR) entanglement [1] between groups
of atoms in a double-well Bose-Einstein condensate. We consider both the statistics of the ground state and that of
dynamical evolution, with two internal modes at each well, so that the entanglement can be detected as a reduction
in the variances of the sums of local Schwinger EPR spin observables [2]. The local nonlinear S-wave scattering
interaction creates a spin squeezing at each well, while the tunneling introduces an interference that results in an
inter-well entanglement. The entanglement increases with atom number, and becomes sufficiently strong at higher
numbers that the EPR paradox and steering nonlocality [3] can be realised. Our predictions are based on a full
quantum solution and, for larger numbers, a truncated Wigner function simulation using a multi-mode model. We
explain how the strategy can be extended to generate genuine tripartite entanglement among three wells.
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Four-partite cluster states and their application for
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There are two ways to generating multipartite entangled states: in gaseous and in condensed matter. In the latter,
generation of entangled photon states is based on optical parametric down-conversion. Other way of creating the
multipartite entanglement is the atom-field one. We study quantum properties of cluster four-partite state for contin-
uous variables. The cluster state under consideration can be generated both in gas [1] and in aperiodical nonlinear
photonic crystals [2]. They are described by the identical interaction Hamiltonian. We also study teleportation of
two-mode entangled CV state using the cluster state; the teleportation fidelity is computed.
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Quantum key distribution (QKD) consists of distributing a secret key to two distant parties in an untrusted
environment controlled by an adversary. Among QKD protocols, those encoding information in the amplitude and
phase of coherent states provide interesting performances and implementation [1]. However, due to losses or noise
of the quantum channel, there exist a maximum transmission distance for which the secret key rate drops to zero.
In this work [2], we consider the use of a linear noiseless amplifier [3], which has the interesting property of am-
plifying the signal without amplifying the noise, in order to increase the performances of the QKD. We show that
the maximum distance of transmission can be increased using thisdevice, as well as the maximum tolerable noise.
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We present a paradox that coherence transfer to macroscopic quantum pure state allows amplification of the
coherence, and which may violate the no-cloning theorem. It is also shown that the wave function collapse during
observation can be explained with decoherence while pure states shift to mixed states through interaction with
macroscopic body in mixed states.
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We have loaded single Cs atoms into a planar array of blue detuned optical traps. The array is created using
a novel optical beam arrangement that creates an intrinsically 2D array, is phase stable, and suitable for magic
trapping of ground and Rydberg states [1]. We demonstrate single qubit gates in the array, and show that Rydberg
excited atoms can be trapped. The array forms the basis for experiments with several atomic qubits and Rydberg
gates. Work supported by IARPA, ARO, and DARPA.
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Long-lived ion qubits in a microfabricated surface trap
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A chain of trapped ion qubits together with Coulomb mediated two-qubit gates is a promising way to construct
a modest-size quantum register. Quantum logic gates can also be performed between two remote ions using photon-
mediated entanglement [1], which leads to the possibility of connecting two remote chains together to form a larger
quantum information processor. These two physical mechanisms can be used to realize a quantum computer archi-
tecture where multiple ion chains are interconnected through a recon?gurable all-optical network [2].

Silicon microfabrication technology can be used to design and fabricate scalable surface trap structures. Here,
we trap a single ytterbium-171 ion in a surface trap made by Sandia National Laboratories [3]. We use an off-
resonant picosecond pulsed laser with stabilized repetition rate to drive Raman transitions between the hyperfine
qubit states. Ramsey interferometry demonstrates a coherence time of more than 1.5s.
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Recently a nonclassicality indicator is introduced which is based on the interference of quantum states in phase
space quantum mechanics [1]. It is applied for some real distribution functions. Kenfack and Zyczkowski[2] had
also defined a non classicality indicator based on the amount of negativity in Wigner function. Here, we applied
these nonccassicality indicators for entangled state of two eigenstate of Harmonic oscillator in the Wigner, Husimi
and Rivier representations. The maximum of nonclassicality indicator is happen for pseudo bell states and the be-
havior of nonclassicality indicators are compared with the entanglement of formation.
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Remote entanglement between a single atom and a BEC
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Entanglement between stationary systems at remote locations is a key resource for quantum networks. We
report on the experimental generation of remote entanglement between a single atom inside an optical cavity
and a Bose-Einstein condensate (BEC) [1]. To produce this, a single photon is created in the atom-cavity system,
thereby generating atom-photon entanglement. The photon is transported to the BEC and converted into a collective
excitation in the BEC, thus establishing matter-matter entanglement. After a variable delay, this entanglement is
converted into photon-photon entanglement. The matter-matter entanglement lifetime of 100 ps exceeds the photon
duration by two orders of magnitude. The total fidelity of all concatenated operations is 95 %. This hybrid system
opens up promising perspectives in the field of quantum information. The performance of the system is limited by
the atom-cavity system. The BEC as a quantum memory is characterized in [2].
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Recently, there have been considerable interests to investigate quantum entanglement in two-electron model
atoms ([ 1-3] and references therein). Here we investigate quantum entanglement for the ground and excited states
of two-electron atomic systems using correlated wave functions. We study the spatial entanglement of such sys-
tems, concentrating on the particle-particle entanglement coming from the continuous spatial degrees of freedom.
We use two-electron wave functions constructed by employing B-spline basis to calculate the linear entropy of the
reduced density matrix L =1-Tr,(p>). Here p, =Tr, (‘(p) B B <(p‘) is the one-electron reduced density matrix ob-
tained after tracing the two-electron density matrix over the degrees of freedom of the other electron. For the helium
atom (Z = 2), we have calculated the linear entropy for the ground state and the Lsns 'S¢ (n =2 — 10) excited states.
Results are compared with other calculations in the literature [1-3].
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Nonlinear interferometer and multipartite entanglement
using two four wave mixing amplifiers
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Optical interferometer is the basis for precision measurement. We report on an experiment in which we con-
struct a nonlinear interferometer with four wave mixing amplifiers acting as beam splitters to split and recombine
an incoming optical field. The interferometer can in principle have 100% visibility. Since amplification is actively
involved in the interferometer, the phase sensing field inside the interferometer is amplified from the input field and
so is the output field exhibiting the interference fringe. Thus, the sensitivity can be greatly enhanced as compared to
the traditional linear interferometer [1, 2]. The quantum correlation between multiple beams is very important for
constructing a real quantum network and precision measurement [3]. Thus, we also explored the several possibili-
ties for achieving quantum correlation among multiple beams in such system.
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We present a degenerate adiabatic perturbation theory (DAPT) for quantum systems whose Hamiltoninans
possess degenerate eigenvalues [1]. Its goal is to solve the time dependent Schrodinger equation, with the zeroth
order being the quantum adiabatic approximation, in terms of a power series expansion built on a small parameter
that is related to the inverse of the time it takes to drive the system’s Hamiltonian from its initial to its final form.
As an application, DAPT leads to the derivation of rigorous conditions for the validity of the adiabatic theorem of
quantum mechanics for degenerate systems [2]. The same formalism can be used to find non-adiabatic corrections
to the non-Abelian Wilczek-Zee geometric phase [1]. These corrections are relevant to assess the validity of the
practical implementation of the concept of fractional exchange statistics. We illustrate the formalism by exactly
solving a time-dependent problem and comparing its solution to the perturbative one and also by studying several
problems numerically solved.
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Efficient coupling between a single atom and light lies at the heart of scalable quantum networks, where the
photon as “flying qubit” transfers the information to the “stationary qubit” - the atom. We investigate the dynamics
of a single two-level atom, which interacts with pulses propagating in two spatial-modes (odd and even) and fre-
quency-continuum, a setup particularly relevant for applications in integrated quantum optical devices. We discuss
the single and multi-photon pulse properties maximizing the atomic excitation. We show that the maximum atomic
excitation probability with multi-photon pulses in the even-mode is a monotonic function of the average photon
number for coherent state, but not for Fock states. Furthermore, we demonstrate that the atomic dynamics can be
controlled by the relative phase between the two counter-propagating coherent state pulses incident on the atom.
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Topological properties of physical systems can lead to natural protection against perturbations. In electronic
systems, this robustness is exemplified by quantized conductance and edge state transport in the quantum Hall
effects. Here we demonstrate how various quantum spin Hall Hamiltonians can be simulated with linear optical
elements using a two dimensional network of coupled optical resonators. Key features of quantum Hall systems,
including the characteristic Hofstadter butterfly and robust edge state transport, can be obtained in such systems.
We experimentally investigate the implementation of such ideas in silicon-on-insulator technology and their ap-
plication as an optical delay line. Such systems allow the presence of photonic edge states, which are insensitive to
disorder, caused by fabrication errors. Furthermore, the addition of an optical non-linearity to our proposed system
leads to the possibility of implementing a fractional quantum Hall state of photons, where phenomenon such as
fractional statistics may be observable.
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We report on the observation of a characteristic change in the excitation spectrum of a Bose-Einstein conden-
sate and increased density fluctuations due to cavity-mediated long-range interactions. Increasing the strength of
the interaction leads to a softening of an excitation mode at a finite momentum, preceding a superfluid to supersolid
phase transition. The observed behavior is reminiscent of a roton minimum, as predicted for quantum gases with
long-range interactions [1]. We create long-range interactions in the BEC using a non-resonant transverse pump
beam which induces virtual photon exchange via the vacuum field of an optical cavity. The mode softening is
spectroscopically studied across the phase transition using a variant of Bragg spectroscopy. At the phase transition
a diverging density response is observed which is linked to increased density fluctuations. Using the openness of
the cavity we monitor these fluctuations in-situ and identify the influence of the quantum measurement backaction.
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Simulation methods based on stochastic realizations of state vector evolutions are commonly used tools to solve
open quantum system dynamics, both in the Markovian and non-Markovian regime. Here, we address the ques-
tion of waiting time distribution (WTD) of quantum jumps for non-Markovian systems. We generalize Markovian
quantum trajectory methods in the sense of deriving an exact analytical WTD for non-Markovian quantum dynam-
ics and show explicitly how to construct this distribution for certain commonly used quantum optical systems [1].

Reference
[11 K. Luoma, K. Hérkonen, S. Maniscalco, K.-A. Suominen and J. Piilo Non-Markovian waiting time distribution, to be
submitted.



Quantum optics... Tu-129 233

Line shapes in electromagnetically induced transparency
for 5S,,, -5P,,-5D;,, transitions of 8Rb atoms

Heung-Ryoul Noh'*, Eun Hyun Cha', and Han Seb Moon?

1. Department of Physics, Chonnam National University, Gwangju 500-757, Korea
2. Department of Physics, Pusan National University, Busan 609-735, Korea
*hrnoh@chonnam.ac.kr

We present an accurate calculation and discrimination of the electromagnetically induced transparency for
the 5S,,~5P,,—5D;), transition of ¥’Rb atoms. Considering all possible transitions, time—dependent density matrix
equations were set up for six polarization configurations of the lasers, and solved numerically. The solved density
matrix elements were then averaged over the Maxwell-Boltzmann velocity distribution and various transit times. In
particular, we could discriminate the contribution of one-photon and two-photon resonance effects in the calculated
spectra. We found that the signals for the 5D,,(F" = 2,3) states were mostly composed of the mixed term, whereas
the signal for the 5D,,(F" = 4) state was originated from both the pure two-photon resonance term and the mixed
term [1].
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Semiconductor microcavity polaritons offer new opportunities to study the properties of interacting bosons in
the quantum degenerate regime. Here, we present a novel experimental platform to produce trapped polaritons with
potentially long lifetimes. Ourcavity is a fiber Fabry—Perot cavity [1] formed between a concave mirror at the tip
of a fiber and a planar semiconductor Bragg mirror located below the quantum well. With a single quantum well,
we observe strong coupling to the cavity as witnessed by an avoided level crossing as a function of cavity detun-
ing. For multiple quantum wells, the system exhibits signatures of polariton lasing observed through pump-power
dependence, blue-shift and linewidth narrowing at threshold. One particular feature of our setup is the possibility
to realize high O values (> 70000). In principle, this should allow for the realization of tightly confined polaritonic
Bose-Einstein condensates with a decay time much longer than the polariton thermalization rate.
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We report the scalable generation of W-states (Dicke states of first order) encoded in the hyperfine structure
of neutral ¥Rb-atoms in a high-finesse fiber Fabry-Perot cavity. We prepare an ensemble of atoms in the hyperfine
state ‘F = 1> and apply a weak microwave pulse resonant to the transition ‘F = 1> - ‘F = 2> , which leads to the
transfer of a single atom to ‘F = 2> with a probability p=0.2. We then detect if there is an atom in ‘F = 2> by
probing the cavity and repeat the sequence if it was not succesful. The use of the cavity allows detection with high
fidelity and negligible spontaneous emission [1], thus preventing the destruction of the entangled state. To quantify
the entanglement, we havedeveloped a new tomography method that also makes use of the cavity detection and
allows to measure the Husimi-Q distribution, from which we reconstruct the density matrix of the prepared state.
We-states consisting of 6, 11, 25 and 42 atoms were created with a fidelity of approx. 30%.
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We study, both theoretically and experimentally, the possibility to use an ensemble of cold Rydberg atoms as
a strongly non-linear optical medium which could enable strong photon-photon interactions and the deterministic
generation non classical states of light. The quantum state of a light beam can be stored in an ensemble of cold
atoms as a polarisation wave involving two long-lived atomic states. If one of these atomic states is a Rydberg state,
this polariton will evolve due to long-range atomic interactions. As a result, a coherent pulse of light stored in the
atomic medium should turn into a non-classical polaritonic state which could be retrieved as a pulse of non-classical
light. We have theoretically shown that the Rydberg gas should act as “quantum scissors” on the stored quantum
state, and the retrieved optical pulse should become a coherent superposition of zero and one photons presenting
a non-classical, negative Wigner function [1]. We have also found realistic experimental parameters to retrieve
this pulse with a high efficiency in a well-defined spatial and temporal mode, which should make the non-classical
properties of the state observable in a homodyne measurement [2]. As a first step in this direction, we are experi-
mentally investigating the non-linear optical susceptibility of a Rydberg cloud in a classical regime.
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Quantum noise for Faraday light-matter interfaces
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In light matter interfaces based on the Faraday effect quite a number of quantum information protocols have
been successfully demonstrated. In order to further increase the performance and fidelities achieved in these pro-
tocols a deeper understanding of the relevant noise and decoherence processes needs to be gained. In this work [1]
we provide for the first time a complete description of the decoherence from spontaneous emission. We derive from
first principles the effects of photons being spontaneously emitted into unobserved modes. Our results relate the
resulting decay and noise terms in effective equations of motion for collective atomic spins and the forward propa-
gating light modes to the full atomic level structure. We illustrate and apply our results to the case of a quantum
memory protocol. Our results can be applied to any Alkali atoms, and the general approach taken in this article can
be applied to light matter interfaces and quantum memories based on different mechanisms.
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We explore the interaction between an atom and a quantized pulse in the arbitrary coupling strength regim. Two
complementary situations are studied both theoretically and numerically. In the first a propagating one-photon wave
packet interacts with an atom located in a one-dimensional waveguide, and in the second situation an atom pass
through a single mode detuned micromaser cavity. In the former case we show that the one photon wave packet
experienced a temporal reshaping leading its algebraic area to vanish. A Schrodinger approach is used and an inter-
pretation in the spectral domain is given. In the latter case we highlight the importance of non-adiabatic coupling,
that depends on the mode shape, and their interplay with the (quantized) atomic motion. We show that the transfer
of population can be modulated by varying the atomic velocity. An analogy with a Michelson interferometer is
exhibited.
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We describe our recent results demonstrating strong coupling between single rubidium atoms and a high-Q
whispering-gallery-mode bottle microresonator (Q=50 million)[1]. We observe clear signals of individual atoms
passing through the resonator mode with interaction times of several microseconds. Given this brief interaction
time, we have implemented a real-time atom detection/probing scheme to enable experiments on this timescale.
We investigate the light transmission and reflection characteristics of the atom-resonator system. Our experimental
results show a strong interaction between the atom and the resonator, which is observed by the large change in light
transmission through the coupling fibers.

As an application of this system, we describe our progress towards the realization of a four-port device capable
of routing photons between two optical nanofibers coupled to the resonator mode. Financial support by the DFG,
the Volkswagen Foundation, and the ESF is gratefully acknowledged.
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We investigate the interaction between a single ¥Rb atom and optical pulses with a controlled temporal enve-
lope [1]. We prepare optical pulses with rising exponential and rectangular temporal profiles and couple them to an
atom with high NA lens. We have found that an atom is excited faster by using less photons in a driving pulse with
a rising exponential shape. Although a rectangular shape eventually leads to higher excitation probability it takes
more photons to excite the atom. We also observe that the atomic transition can be saturated with approximately
100 photons in a pulse. This suggests that one expects to see a nonlinear interaction between atom and light for such
low photon number. Indeed, by increasing photon number to = 1000 we observe Rabi oscillations with ~ 100 MHz.
This result show a possibility of optical switching for low photon numbers without cavity assistance.
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Complex designer potentials for ultracold atoms can be created by combining optical lattices, and have great
utility for simulations of condensed matter systems. Here, using optomechanical interactions, we spectrally resolve
atoms at individual sites of asuperlattice with site dependent mechanical resonance frequencies. This allows us to
make a “mechanical resonance image”, mapping the atomic distribution and lattice geometry. Further, the opto-
mechanical coupling creates infinite-range interactions between motion of atoms at spatially disparate sites. This
systems acts as a coupled array of quantum mechanical resonators with implementable entanglement and state-
transfer operations.
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The macroscopic and microscopic quantum theories are known to give corrections to the rate of spontaneous
emission in a dielectric. At the same time, there are only few works that provide Maxwell-Bloch-type equations
for embedded particles derived using ab initio techniques. Another problem is that competing theories often give
conflicting results while experiments tend to aggravate the confusion. We study how a continuous dielectric me-
dium that fills the space between quantum light emitters may influence their interaction with external laser fields
and modify their radiative properties. A generalized master equation is derived for two-level emitters, which form
an ensemble of optical centers in a dielectric. The equation contains the effective values of the acting pump field
and the radiation relaxation rate of the optical center. The formalism represents a fully microscopic approach and
is based on a BBGKY hierarchy for reduced density matrices and correlation operators of material particles and
field modes. The method allows one to avoid phenomenological procedures when taking into account the effects
of individual and collective behavior of the emitters associated with the presence of intermediate environment. The
analytical expressions for the excitation lifetime of an optical center are shown to be in agreement with several
experiments. The similarities and differences with the other existing theories are discussed.



238 Tu-139 Quantum optics...

Dynamics of atom-atom correlations in the Fermi model
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In this work we study the dynamics of several types of atom-atom correlations in the famous two-atom Fermi
problem [1]. Although any causality issue regarding quantum mechanical probabilities in such a model was recent-
ly solved in [2], the influence of micro-causality on correlations behavior is still an open subject of investigaition.
References
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Optical fibers with machined and coated end facets can serve as high reflectivity mirrors to build low loss opti-
cal resonators with free space access [1, 2]. These microcavities feature a very small mode volume on the order of
a few tens of cubic wavelengths and a very large Finesse of up to 105, corresponding to quality factors of several
millions. Thus, the Purcell factor being proportional to the ratio of quality factor and mode volume can be as high
as 104, which can dramatically increase the emission rate of an emitter inside the cavity.

We use the microcavities to couple solid state based emitters such as color centers in diamond to the cavity.
First results from spectra of ensembles of nitrogen-vacancy centers coupled to the cavity show a strongly increased
emission efficiency into the cavity mode. The emission behavior can be modeled with a modified Purcell factor
accounting for the dephasing.
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Although Planck’s law of blackbody radiation well describes spectral profiles of thermal radiation from mac-
roscopic objects, it remains an open question if Planck’s formula applies to particles of size comparable to optical
wavelengths. We experimentally demonstrate that thermal radiation from a micron-sized dielectric particle depends
sensitively on its morphology and optical properties. Our laser trapping technique levitates a high-temperature mi-
crosphere of aluminum oxide and enables emission spectroscopy of the single particle [1]. As the particle becomes
smaller, a blackbody-like spectrum turns into a spectrum dominated by multiple peaks resonant with whispering
gallery modes of the spherical resonator. Analysis of the particle size dependence of the emission power reveals
that the emissivity of a microparticle strongly depends on the extinction coefficient and the liquid-solid phase tran-
sition occurred in the optical trap.
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The cavity-QED micromaser/laser is the maser/laser system based on coherent interaction between a small
number of two-level atoms and a high finesse cavity field. So far incoherently pumped micromaser/lasers have
been experimentally realized and studied. For the micromaser/laser coherently pumped by injecting atoms in a
coherent superposition state, there are many interesting predictions such as symmetry breaking in the cavity field
and generation of a mesoscopic cat state yet to be confirmed. Here, we present our experimental progress toward
realization of the coherently pumped microlaser. In our experiment both atomic position control and superposition
state pumping are made possible by employing an atomic beam aperture with an array of nanoholes with a period
matching the resonance wavelength(791 nm of barium 'Sy-*P, transition). The cavity mirrors are specially shaped so
that the nanohole aperture can be brought to the cavity mode within 300 um for preventing atomic position spread.
Preliminary data on coherent pumping will be presented and discussed.
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Optical frequency comb with non-classical properties can be produced via parametric down-conversion of a
pumping comb in a degenerate synchronously pumped optical parametric oscillator. In the time domain we devel-
oped a quantum theory of the oscillator that describes its operation both below and above oscillation threshold and
gives clear insight into the character of quantum properties of an output signal comb being a train of pulses. Now
we are thinking about application of a frequency comb and its non-classical counterpart for ultra-precise posi-
tion sensing, particularly, in gravitational wave detectors. Here the fundamental limit on an accuracy of position
determination (standard quantum limit) appears as interplay between time-arrival uncertainty of pulses and light
back-action on a mechanical sub-system.
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Phase coherence has dramatic effects on the transport properties of waves in random media. Interferences
between certain scattering events may act against diffusion, and eventually lead to a complete halt of the wave
(Anderson localization). In momentum space, such interference effects manifest themselves as the well-known
coherent back scattering (CBS) peak, i.e. an enhanced scattering in the backward direction. A remarkable tool to
probe phase coherence in mesoscopic systems, CBS has been widely studiedwith various kinds of waves, from light
to electronic waves [1]. Here we report the direct observation of CBS of ultracold atoms in presence of disorder.
Following the landmark experiments that have demonstrated Anderson localization, it constitutes a smoking gun of
phase coherence in ultracold disordered gases. This opens new prospects to investigate phase coherence properties,
and especially the emergence of Anderson transition in 3D.
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Motivated by the recent achievement of single-site-resolved imaging and manipulation of strongly correlated
bosonic systems in an optical lattice, we illustrate our progress and future plans in our attempts to realize a fermi-
onic quantum simulator. Detecting and manipulating strongly correlated fermionic systems at the level of a single
atom will further exploit the potential of ultracold atoms as a quantum simulator for, e.g., the Fermi-Hubbard
model, which is a key model in condensed matter physics.

Atoms from a two-stage magneto-optical trap of *’Rb and *’K are loaded into a magnetic trap, before evapora-
tive cooling and transport in an optical trap delivers a quantum degenerate gas to a 3-dimensional optical lattice.
By selective removal of atoms from all lattice planes but the one at the focal plane of a NA = 0.68 microscope
objective, we will resolve the distribution and evolution of atoms across individual sites of the 2D lattice using
fluorescence imaging. We plan to use this novel detection method to characterize, e.g., temperature, spin-structure,
or entropy distribution of quantum phases such as fermionic Mott insulators, Band insulators, metallic phases or
Néel antiferromagnets. Single-site manipulation will be possible by means of an addressing beam focused by the
imaging microscope, which will allow us to investigate the effect of local perturbations on the system.
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We experimentally produce a Spin-Orbit coupled Bose-Einstein condensate with the technique of Raman cou-
pling and systematically study the dynamical properties of such a condensate. We present an experimental study
of the collective dipole oscillation of a spin-orbit (SO) coupled Bose-Einstein condensate in a harmonic trap. A
number of interesting properties is observed. The frequency of the center-of-mass dipole oscillation deviatesfrom
the harmonic trap frequency and depends on the oscillation amplitude, as a manifestation of the change of single-
particle dispersion. A magnetization oscillation induced by the dipole oscillation is also observed, revealing the
coupling of the spin to the momentum of an atom and the absence of Galilean invariance of this system. These ex-
perimental results are then compared to theoretical calculations based on variational wave function approximation.
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Simulation of electric dipole moment of neutral relativistic
particles

T. G. Tenev*, Peter A. Ivanov, and Nikolay V. Vitanov
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The electric dipole moments of various neutral elementary particles, such as neutron, neutrinos, certain hy-
pothetical dark matter particles and others, are predicted to exist by the standard model of high energy physics
and various extensions of it. However, the predicted values are beyond the present experimental capabilities. We
propose to simulate and emulate the electric dipole moment of neutral relativistic particles and the ensuing effects
in the presence of electrostatic field by simulation of an extended Dirac equation in ion traps.
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Strongly correlated bosons on frustrated optical lattices

Tommaso Roscilde
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Artificial gauge fields open the route to the realization of unconventional bosonic phases in optical lattices,
including condensate phases in which the bosons create an array of persistent currents whose “handedness” (chiral-
ity) corresponds to an emergent, discrete degree of freedom; and novel bosonic insulators, which are the particle
analog of exotic spin liquid phases for quantum spins, among others. Here we will present a variety of theoretical
results concerning strongly interacting bosons on a frustrated lattice, as recently realized in a seminal experiment
[1]. We will address the separation between the onset of condensation and of chiral order (detected in time-of-flight
measurements by the unequal height of the diffraction peaks), and the possibility of measuring it for the first time
in experiments on frustrated triangular and square lattices; moreover we will illustrate the possibility of observing
spin liquid phases for the same lattice geometries in the limit of half filling.
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[17 J. Struck et al., Science 333, 996 (2011).
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Observation of phonon hopping in radial vibrational
modes of trapped ions

Shinsuke Haze'*, Atsushi Noguchi?, Kenji Toyoda?, and Shinji Urabe?
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2. Grad. School of Engineering Science, Osaka University, Osaka, Japan
*haze@ils.uec.ac.jp

Trapped and laser cooled ions are the promising candidates for realizations of quantum information proces-
sors and simulators. Recently, many experiments related to quantum simulation with trapped ions are reported and
quantum phase transition of Ising spin model are observed.

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

M. K. Inal* and L. Bettad;j
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We calculated the polarization degree of the Ly-a, and Ly-f, lines emitted by highly charged H-like ions after
radiative recombination (RR) of bare nuclei with unidirectional electrons. These calculations were performed for
several ions with atomic numbers 10 = Z = 92 and various incident electron kinetic energies from 0.01 to 10 times
the ls ionization potential, and have included RR into states with principal quantum number up to n=6 followed
by cascades. Three sets of the RR cross sections to magnetic sublevels were computed: the first two in the electric-
dipole approximation with the non-relativistic and relativistic electron wavefunctions and the third in the exact
relativistic method including all multipoles of the radiation field [1]. The results of our polarization calculations
using these three sets of cross-section data were compared with each other in order to reveal the importance of the
relativistic and multipole effects as Z and the electron energy increase.
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Inelastic collisions of Al and Sb atoms with helium in
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We present an experimental and theoretical study of Al and Sb colliding with helium at 800 mK. Zeeman re-
laxation in atom—He collisions can serve as a probe of their interaction potentials. We observe Zeeman relaxation
by measuring dynamics of the magnetic sublevel distribution in different Zeeman states in homogeneous magnetic
fields. Both Al and Sb show rather rapid relaxation; however, the relaxation mechanisms are different. In the case
of Al, the anisotropic *P;, excited state is mixed with the isotropic ?P,, ground state during a collision to cause
relaxation. We investigate both m - and J-changing collisions as a function of magnetic field to further confirm the
theoretical model previously developed for In and Ga. In the case of Sb, spin-orbit coupling mixes L # 0 states into
the ground state(“S;,), and hence introduces electronic anisotropy into its interaction with He. This work constrains
the Sb-He potentials and extends our understanding of cold collisions in pnictogens.
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Dielectronic Recombination rates for Aré* and Kr?**
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In thermal plasma, the ion- atom collisions proceed most probably though resonance processes. One of the im-
portant processes is resonate transfer excitation (RTE) followed by emission X-ray (RTEX). It causes a self cooling
for plasma. In addition, it is identical to the dielectronic recombination (DR) in electron-ion collisions. The present
wok deals with the calculation of DR rate coefficients (a”®’s) and DR cross sections (6”*'s) as well as RTEX cross
sections (cR™X’s) for Mg-like ions [Ar®" and K***] with L- shell and K-shell excitation for An = 0 and An # 0.
Specifically, RTEX cross sections are calculated for the collusion of Ar®" and Kr?**ions with He and H, targets. The
calculations are carried out using the adapted angular momentum average (AMA) scheme in the isolated resonance
approximation (IRA). The results are compared with other results [1] for the same ions.
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Macroscopic quantum self-trapping in dynamical
tunnelling
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It is well-known that increasing the nonlinearity due to repulsive atomic interactions in a double-well Bose-
Einstein condensate suppresses quantum tunnelling between the two sites. Here we find analogous behaviour in
the dynamical tunnelling of a Bose-Einstein condensate between period-one resonances in a single driven potential
well.

For small nonlinearities we find unhindered tunnelling between the resonances, but with an increasing period
as compared to the non-interacting system. For nonlinearities above a critical value we generally observe that the
tunnelling shuts down. However,for certain regimes of modulation parameters we find that dynamical tunnelling
re-emerges for large enough nonlinearities, an effect not present in spatial double-well tunnelling. We develop a
two-mode model in good agreement with full numerical simulations over a wide range of parameters, which allows
the suppression of tunnelling to be attributed to macroscopic quantum self-trapping.
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Long-range Rydberg-Rydberg interactions in two-electron
atoms
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We present perturbative calculations of dipole-dipole and quadrupole-quadrupole long-range interactions be-
tween calcium, strontium and ytterbium Rydberg atoms based on the Coulomb approximation and degenerate
perturbation theory. Expressions are given forthe leading order dispersion coefficients, C; (first-order quadrupole-
quadrupole) and C; (second-order dipole-dipole), in terms of radial matrix elements and angular factors [1,2].

The Coulomb approximation enables the use of analytic expressions for the radial matrix elements [3] requiring
only the orbital angular momentum and binding energies of the electronic states. The latter are obtained by extrapo-
lation from quantum defect fits to experimental data.

Examination of the results reveals large variations between the different series. Two Forster resonances are
found in the range examined, both in triplet states of strontium. Particular attention is paid to the isotropic S states
of strontium and ytterbium, where attractive interactions are found for strontium and comparatively weak repulsive
interactions in ytterbium.
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Towards photon blockade using Rydberg superatoms
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Rydberg blockade limits the number of excitations in an atomic ensemble to one, creating a powerful platform
for quantum information processing using neutral atoms [1]. It is possible to map the Rydberg blockade process
into a photon blockade, producing a large optical non-linearity [2]. In our experiments we aim to isolate a single
blockaded ensemble, or superatom, and exploit the photon blockade process to produce non-classical states of light.
We tightly confine an ultra-cold cloud of rubidium atoms in a strongly focused dipole trap. Electromagnetically
induced transparency is used to map the non-linear response of the medium onto the probe laser field.

In recent experiments we have focused on the writing and reading of Rydberg polaritons in the ensemble pro-
viding information on the dephasing of the superatom.
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Non-gaussian distribution of photoassociated cold atom
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The momentum distribution of cold atom with photoassociation was studied using laser -cooled and trapped
8Rb. Due to the energy conservation, a pair of atoms can only be associated, if its internal kinetic energy is equal to
the detuning of the excitation laser. In our photoassociation trap loss experiment, the atoms with a certain velocity
was “kicked” out of trap by controlling the laser frequency. The momentum distribution was then manipulated and
observed using time-of-flight. A non-gaussianvelocity distribution was resulted.
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High resolution spectroscopy of interacting Rydberg
gases

Robert Low*, Johannes Nipper, Jonathan Balewski, Alexander Krupp, and Tilman Pfau
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The giant size and large polarizibility of Rydberg-atoms, resulting in strong long-range Rydberg-Rydberg inter-
actions, make them ideal to study many-body effects in ultracold atomic gases. We use an interferometric technique
based on an optical Ramsey sequence to study such resonances in the 44d;, Rydberg state of ultracold ’Rb atoms.
With this phase sensitive method we show that we can switch and tune the inter-atomic interaction [1]. Extending
the scheme using different electric pulse sequences we can additionally probe the coherent coupling of the involved
pair states [2]. The coherent nature of the Forster induced interaction is crucial for many of its applications. Fur-
thermore the system presented here could be used to model Forster induced energy transfer processes which play
an important role in biophysics.
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Intensity correlations in electromagnetically induced
absorption
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Recently, the intensity-intensity correlations between probe and coupling lasers in electromagnetically induced
transparency (EIT) have been reported [1, 2]. However, we first observed intensity correlations between the cou-
pling and probe lasers interacted with Rb atoms under condition of electromagnetically induced absorption (EIA).
The intensity correlations between two counter-circular polarized coupling and probe laser in the Hanle configura-
tion were investigated as a function of the applied magnetic field. When the condition of EIA medium was changed
from on-resonance to off-resonance as a function of the magnetic field strength, the second order correlation func-
tion G?(0) was transformed from 0.3 (correlation) to —0.9 (anti-correlation). Also, G?(0) of EIA medium was mea-
sured as functions of the incident laser power and the temperature of the Rb atomic vapor cell. We could illuminate
the intensity correlation and anti-correlations of EIA using the N-type four-level atomic model.
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Avalanche ionization dynamics of a strongly blockaded
Rydberg gas
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The production of strongly coupled plasmas, where the Coulomb interaction between neighbouring particles
dominates their kinetic energy, would allow for better understanding of dense astrophysical plasmas and for prepar-
ing bright, correlated ion and electron sources [1]. The strongly coupled regime is however hardly reached so far
by ionising ultra-cold atomic or molecular gases, due in part to a fast re-equilibration of the ion spatial distribution.
This phenomenon, called disorder-inducedheating, could be prevented by starting from a pre-organised sample [2].
To do so, we release a dense *Rb cloud from an optical dipole trap, and continuously couple the atoms to the \5 58 >
Rydberg state. Using combined opticaland ion detection, we observe a sudden ionisation avalanche, triggered
despite repulsive Rydberg interactions. Prior to its onset, we observe that strong spatial correlations have already
built up between Rydberg atoms, which should be preserved in the avalanche to form a strongly correlated plasma.
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Impact of collisions with neutral Hydrogen on spectral
lines’ polarization of a multilevel atomic model
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In order to interpret the spectrum of the linear polarization which is produced by scattering processes observed
close to the solar limb, we need to evaluate the impact of collisions with neutral Hydrogen atoms on polarization’s
signals of some neutral and ionized atoms.

We present preliminary results concerning the calculation of emergent fractional linear polarization amplitudes
produced by scattering processes by radiation field, these calculations involve collisional rate calculations.
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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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Feshbach resonances in cesium at ultra-low static
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We have observed Feshbach resonances for '**Cs atoms in two different hyperfine states at ultra—low static mag-
netic fields by using an atomic fountain clock. The extreme sensitivity of our setup allows for high signal-to—noise—
ratio observations at densities of only 2 x 107 cm™. We have reproduced these resonances using coupled—channels
calculations which are in excellent agreement with our measurements. We justify that these are S—wave resonances
involving weakly—bound states of the triplet molecular Hamiltonian, identify the resonant closed channels, and
explain the observed multi—peak structure. We also describe a model which precisely accounts for the collisional
processes in the fountain and which explains the asymmetric shape of the observed Feshbach resonances in the
regime where the kinetic energy dominates over the coupling strength.
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Studying two-photon cooperative absorption on cold
atoms
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The phenomenon of two-photon cooperative absorption is common in solid-state physics [1]. In a sample of
trapped cold atoms, that effect may open up new possibilities for the study of nonlinear effects. In this work, we
demonstrate the occurrence of a two-photon cooperative absorption in a pair of colliding cold Na atoms kept in a
magneto-optical trap. In our experiment, we start with two colliding Na atoms in the S hyperfine ground state. The
pair absorbs two photons, resulting in: a P, and a P,,, atom. The result of this excitation is observed by ionization
using an external light source. A model that considers only dipole-dipole interactions between the atoms allows us
to understand the basic features observed in the experimental results. Both the pair of generated atoms and the pho-
tons originating from their decay are correlated and may have interesting applications that remain to be explored.
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Ultracold polar molecule collisions in quasi-1D geometries
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We study collisions of polar molecules confined in quasi-1D optical lattices. Molecules are treated as fixed
dipoles and the short-range dynamics is modeled by the complex boundary condition introduced in [1]. We solve
the scattering equations using a spectral element discretization approach that ideally exploits the sparse nature of
the potential coupling matrix and guarantees high accuracy. Elastic, inelastic, and reactive rates are calculated as a
function of the applied electric field and collision energy. When the field is perpendicular to the trap axial direction,
depending on the experimental parameters the reaction rates can be strongly suppressed, stabilizing the gas versus
reactive processes. The difference between bosonic and fermionic symmetry cases is discussed. The numerical
results are interpreted on the basis of simple energy barrier considerations and of reduced adiabatic models.
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Geometric phase in electron exchange excitation of a
single atom
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A geometrical (Berry) phase of 180° has been observed in the electron spin exchange excitation of zinc atoms
from the ground (3d'%4s?)'S, state (M¢=0) to the (3d'°4s5s)’S, (M¢=0) state. The Stokes parameter P, (aligned lin-
ear polarization) of the light emitted in the optical 468.1, 472.3, and 481.1 nm decays to the (3d'°4s4p)°’P,, , states
reveals an aligned angular momentum. The excitation from a 'S to a *S state was expected to be a pure exchange
process but the Fermi statistics and Pauli exclusion principle establish the phase change of 180°. The Pauli sign is
a geometric phase factor of topological origin such that the electron spin is “parallel transported” around a closed
path and acquires a fixed phase which is not changed by the kinematics of the excitation exchange process.
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The full control over all quantum mechanical degrees of freedom in binary collisions allows for the identifica-
tion of fundamental interaction processes and for steering chemical reactions. Focussing on the best-controlled
experimental conditions, such as using state-selected single particles and low temperatures, is crucial for the inves-
tigation of chemical processes at the most elementary level.

The hybrid system of trapped atoms and ions offers key advantages in this undertaking: ion traps have a large
potential well depth in order to trap the reaction products, while the absence of a Coulomb-barrier allows the par-
ticles to collide at short internuclear distance.

Here, we report on the experimental tuning of the exchange reaction rates of a single trapped ion with ultracold
neutral atoms by exerting control over both their quantum states. We observe the influence of the hyperfine state
on chemical reaction rates and branching ratios and monitor the kinematics of the reaction products. These inves-
tigations advance chemistry with single trapped particles towards achieving quantum-limited control of chemical
reactions and pave the way to the study of the coherence properties of a single trapped ion in an ultracold buffer gas.



252 Tu-167 Atomic interactions...

Elastic scattering of positronium using the confined
variational method
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We demonstrate that the phase shift in elastic S-wave positronium (Ps)-atom scattering can be precisely deter-
mined by the confined variational method, in spite of the fact that the Hamiltonian includes an unphysical confining
potential acting on the center-of-mass of the positron and one of the atomic electrons. The calculated phase shifts
are precise mainly because the unphysical effect of the potential can be eliminated by adjusting the confining poten-
tial. Using the stochastic variational method, explicitly correlated Guassian-type basis functions are optimized and
the energies of confined Ps-atom systems are determined. Then the discrete energies are taken as a reference for tun-
ing auxiliary one-dimensional potentials. The phase shifts calculated for the one-dimensional potential scattering
are the same as the phase shifts of the Ps-atom scattering. For the Ps-hydrogen scattering, the present calculations
are in very good agreement with the Kohn variational calculations. Therefore, the 2% ~ 4% discrepancy between
the Kohn variational and R-matrix calculations is resolved. For Ps-helium scattering, our calculations achieve a
higher precision than reported in any previous publication.
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A bright, stable beam of cold thorium monoxide is an essential component of an ongoing experiment to measure
the electron’s electric dipole moment [1]. The source presents interesting technical challenges since ThO is reac-
tive, while its production precursors, thorium metal and thorium dioxide, are highly refractory. We have realized a
ThO source that produces 10" molecules sr! s™! in a single ro-vibrational level [2]. A ThO, ceramic in a cryogenic
buffergas cell is laser ablated to produce pulses of gas-phase ThO, which is cooled by the buffer gas before exiting
the cell in a beam. We are also developing a continuous source of ThO via a high-temperature reaction between
Th and ThO, that promises increased peak and time-averaged yields. We discuss ongoing work and recent results.
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Towards a quantum gas of polar YbCs molecules
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The potentials of ultracold polar molecules have been discussed with respect to quantum information process-
ing and quantum simulation [1]. This experiment focuses on the production of quantum degenerate YbCs mol-
ecules. We propose to magneto-associate the atoms over a Feshbach resonance [2] and transfer them to the ground
state using Stimulated Raman Adiabatic Passage (STIRAP) [3]. Ground state YbCs will, due to its singe valence
electron, exhibit an electric as well as a magnetic dipole moment. It should therefore exhibit spin dependent inter-
actions in addition to long-range dipole-dipole interactions [1]. Here we outline the theoretical and experimental
progress on creating a dual species Magneto-Optical Trap (MOT) of Yb and Cs.
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Making a magneto-optical trap for polar molecules

Matthew T. Hummon', Mark Yeo!, Benjamin K. Stuhl', Alejandra Collopy',
Yong Xia?, and Jun Ye'

1. JILA, NIST and University of Colorado, 440 UCB, Boulder, CO 80309, USA
2. East China Normal University, Shanghai, China

The development of laser cooling and trapping for a diverse set of atomic species revolutionized atomic and
quantum physics. Expanding the techniques of laser cooling and trapping to molecules would provide new systems
with complex, rich interactions. Theadditional structure that arises from the rotational and vibrational degrees of
freedom in diatomic molecules makes difficult the adaptation of a traditional atomic magneto-optical trap (MOT)
for use with molecules, but it is a challenge that we can overcome. In order to maintain a closed rotational manifold
for the optical cycling transition, one typically excites from an N"— N’ = N” — 1 rotational sublevel. This excitation
scheme corresponds to a type I MOT [1]. We will present the latest results on the development of a MOT for laser
cooled yttrium monoxide molecules based on a resonant LC-baseball coil geometry for a time-varying magnetic
quadrupole field.
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Toward laser cooling of photoassociated KRb molecules

Jun Kobayashi'*, Masahito Ueda?, and Shin Inouye!

1. School of Engineering, The University of Tokyo, Yayoi, Bunkyo-ku, Tokyo 113-8656, Japan
2. Department of Physics, The University of Tokyo, Hongo, Bunkyo-ku, Tokyo 113-8656, Japan
*kobayashi@sogo.t.u-tokyo.ac.jp

Recently, laser cooling of molecular beam was realized for StF molecule by a group in Yale university[1]. The
key issue for the laser cooling of molecules was to form an almost closed cycling transition by using a transition
with diagonal Franck-Condon factors. Laser cooling technique of molecules could be a breakthrough for many
experiments of ultracold molecules.

In our experiment, we are making ultracold KRb molecules by an indirect method, where K and Rb atoms are
cooled by MOT and weekly bound molecules are formed with photoassociation from these atoms, and then the
molecules are transferred into the rovibrational ground state (X'X, v=0, N=0) by STIRAP[2]. From ab-initio
calculations of molecular potentials, we found that X'X*-b’TI, transition may have a narrow natural linewidth and
diagonal Franck-Condon factors. Recently, we have succeeded in observing this transition. And we have experi-
mentally determined its natural linewidth and Franck-Condon factors for (v-v')=(0-0), (1-0) and (2-0) transitions,
which are (27) x 4.9(4) kHz, 0.948(2), 0.051(2) and 0.0013(1), respectively. Since the temperature of photoassoci-
ated molecules is as low as 135 uK, we expect that three-dimensional laser cooling of photoassociated molecules
can be realized by using this transition.
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The determination of the long-range anisotropic interaction between polar bialkali molecules is of crucial im-
portance for the achievement of a quantum gas of ultracold polar molecules. In particular, the coefficient C, of the
multipolar interaction depends on the dynamic polarisability of the molecule evaluated at imaginary frequencies,
expressed as a sum over all possible radiative transitions of electronic dipole moments. Using a mixture of up-to-
date spectroscopic data and accurate ab initio data for potential energy curves, and permanent and transition dipole
moments, we have obtained the values of the coefficients between identical polar molecules (LiNa, LiK, LiRb,
LiCs, NaK, NaRb, NaCs, KRb, KCs, RbCs) in an arbitrary vibrational level of their electronic ground state. For the
lowest vibrational levels the C; parameter varies from about 10* atomic units for LiNa up to 107 atomic units for
NaCs, which will lead to different collisional regimes at ultracold temperatures.
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We suggest to employ non-resonant field control of shape resonances to enhance photoassociation rates in
trapped ultracold gases. Non-resonant light with intensities of the order of 10° W/cm? modifies the thermal cloud
of atoms, i.e., the initial state for photoassociation. By using non resonant laser fields the energy of a shape reso-
nance is adiabatically moved close to k, times the trap temperature, thus enhancing its thermal weight [1]. The
quasi-bound nature of the resonance wavefunction results in larger free-to-bound transition matrix elements and
subsequently enhances the photoassociation rates by several orders of magnitude [2]. Results for the photoassocia-
tion rates of the Cs, and Sr, molecules will be presented as the laser intensity is varied.
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The creation of ultracold state controlled molecules is a promising field motivated by fundamental insights
and important applications, such as precision measurements of fundamental constants, study of dipolar physic,
and quantum computation. We hereby demonstrate the efficient production of ultracold molecules in the electronic
ground state, without relying on a magnetic Feshbach resonance. We implement instead a STIRAP sequence, us-
ing laser frequencies near the weak 'Sy-*P, intercombination line, and operating on ultracold Bose condensed *Sr
atoms [1] loaded into a 3D optical lattice. For this purpose, we first perform one- and two-color photoassociation
spectroscopy on the last bound vibrational levels of the excited state 0,, 1, and the ground state 12; potentials. We
then produce samples of 4 x 10* molecules, with a STIRAP efficiency of 30%. Such Sr, molecules are good candi-
dates [2] for the model independent measurement of time variations of the proton-to-electron mass ratio.

References

[1] S. Stellmer et al., Bose-Einstein Condensation of Strontium, PRL 103, 200401 (2009).

[2] T. Zelevinsky et al., Precision Test of Mass-Ratio Variations with Lattice-Confined Ultracold Molecules, PRL 100, 043201
(2008).



256 Tu-175 Cold neutral...
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Understanding the dynamics of larger clusters CO-(H,), can serve as a model for molecules trapped in solid
para-hydrogen (pH,), which is useful for a range of low-temperature physics applications. Recently, we have built
ab initio three-body potential energy surfaces for the cluster whose configuration space are sampled with coupled-
cluster calculations and the three-body contributions to the nine-dimensional potential energy surface in the van
der Waals well are fitted with a neural-network based method [1]. On the other hand, pH, clusters are predicted to
exhibit a superfluid behaviour, however the direct observation of this phenomenon has been elusive. In experimen-
tal studies, a probe molecule is used and the increase of its effective rotational constant implies superfluidity of
the system. In order to verify the validity of this criterion, it is necessary to study the behavior of molecules in the
pH, cluster that is not in the superfluid state. In this study, the CO molecule is chosen as a trapped molecule and its
rotational motion is traced using a path integral hybrid Monte Carlo (PIHMC) method. A cluster size dependence
of the effective rotational constant is presented. It is found that the increase in rotational constants is also seen in
the pH, cluster that is not in the superfluid state. This is due to the microscopic structure of the pH, cluster around
the CO molecule.
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2-photon photoassociation spectroscopy in a mixture of
Yb and Rb
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Due to its paramagnetic ground state YbRb is an interesting candidate for the realization of dipolar molecules
with additional degrees of freedom. Here we report on the first spectroscopic investigation of vibrational levels in
the electronic ground stateof YbRb which is an important step towards the realization of YbRb ground state moel-
cules [1]. Using two-photon photoassociation spectroscopy in laser-cooled mixtures of ¥Rb and various Yb iso-
topes we are able to determine the binding energies of weakly-bound vibrational levels and the positions of possible
magnetic Feshbach resonances. Recent theoretical work suggests that also in mixtures of alkali and spin-singlett
atoms magnetic Feshbach resonances could be experimentally accessible [2]. From additional investigations by
means of Autler-Townes spectroscopy we obtain information on the transition rates between vibrational levels of
different electronic molecular states.
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Simple 2D permanent magnetic lattices for ultracold atoms

Abasalt Bahrami and Saeed Ghanbari*

Department of Physics, Faculty of Science, University of Zanjan 45371-38791, Zanjan, Iran
*sghanbari@znu.ac.ir

Arrays of permanent magnetic slabs for producing 2D arrays of microtraps for trapping and controlling ultra-
cold atoms have been introduced [1]. We propose a 2D array of square magnetic slabs which has been previously
used to obtain analytical expressions for a class of permanent magnetic lattices [2]. We also, propose a more
feasible magnetic lattice, consisting of the first configuration of square slabs plus a permanent magnetic substrate
which holds the slabs together. In both configurations, we consider a bias magnetic field. To create loffe-Pritchard
microtraps, the two non-zero components of the bias field in the magnetic film plane must have different values.
Our analytical expressions and numerical results for different atoms are in very good agreement. The second pattern
of the array of the square magnets may be fabricated using laser carving on a permanent magnetic film.
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We report a realization of determinately trapping individual isotopic *Rb and *’Rb atoms in a ring shaped opti-
cal far-off resonant trap (FORT) array. The sites of the array and the species trapped in sites are fully manipulated
by using a blue-detuned Laguerre-Gaussian (LG) beam!!. The LG beam has a repulsive potential and prevents the
trap already having an atom from loading a second type of atom and from light assisted atom-atom collision. Using
this atomic valve, a pair of two hetero-nuclear atoms in a two-site ring lattice has been prepared with an efficiency
of 90%. While we demonstrate trapping °Rb-¥’Rb dual-species, an extension to other dual-species is straightfor-
ward. Combined with our ability to efficiently transfer the two hetero-nuclear atoms into a single FORT by using
the spatial light modulator ?), this work would be a key step toward the study of 3*Rb-*’Rb collision and formation
of a single hetero-nuclear dipolar molecule.
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Temperature measurement of cold atoms using transient
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Optical nanofibres are effective tools for probing cold atoms in magneto-optical traps. The evanescent field aris-
ing from the light guided through the fibre interacts with atoms close to the fibre surface. Recently, the optical nano-
fibre has been used to measure sub-Doppler temperatures of a cold atom cloud by using forced trap oscillations [1].
Here, we study transient absorption [2] of a probe beam passing though an optical nanofibre during free expansion
of a cold cloud of Rubidium-85 atoms. Using this method, the temperature of cold atoms near the surface of the fi-
bre can be measured. The study is useful for characterizing the effect which surface interactions have on cold atoms.
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An original beam-laser spectroscopy set-up has been built at University of Liége. This setup allows us to pro-
duce atomic beams from samples heated in a high temperature oven. With help of laser beams crossing the atomic
beam at given angles and a specific observation chamber equipped with a PM tube, a high-resolution sub-Doppler
spectroscopy is obtained. We get similar resolutions to those inherent of usual laser saturation spectroscopy setups,
while being able to access atomic levels otherwise unaccessible with saturation spectroscopy. Preliminary results
on previously totally unknown hyperfine structure and isotopic effects for a non-resonance Iron atomic line will
be presented. Our line intensities will be confronted to theoretical predictions to monitor the exact flux of atoms
interacting with the laser beam. Our setup also allows for colinear optical pumping to enhance the laser absorption
signals. These effects will be discussed as well, along with future prospects of our experiments.
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Laser cooling of thulium atoms with Blue-Ray diodes
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We have set up a laser system based on laser diodes from Blue-Ray devices operating at 410.6 nm [1]. This
system consists of a master oscillator and a slave laser. The master is a Blue-Ray chip with extended resonator;
output power is 20 mW and the spectral width is of 1.2 MHz. The slave laser is injection locked to the master. The
system delivers 120 mW of blue light in single frequency regime. With the help of this system we demonstrate laser
cooling and magneto-optical trapping of 30000 Tm atoms. Previously, laser cooling of Tm was demonstrated by a
bulky frequency doubled Ti:Sapphire laser [2].
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Linear Paul traps are devices that allow the confinement of charged particles using a combination of static and
radio-frequency electric fields. Their elongated configurations allow for the trapping of many ions along an axis and
consequently provide a suitable environment to study quantum information processing and quantum computing.
We develop simulation of the classical and quantum motion of a single trapped ion in a linear Paul trap. In particu-
lar we make use of Floquet theory to reduce the problem to an effective time-independent one, based on the time
periodicity of the trapping field. In addition, we derive a model for the simulation of a trapped diatomic molecular
ion, where all degrees of freedom are treated quantum mechanically.
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In recent years, there has been increasing interest in ultracold polar molecules. In particular, a molecule consist-
ing of alkali and alkali-earth atoms has an electron spin, offering variety of research such as quantum simulators of
lattice spin models. Recently, the electric dipole moment of the RbSr molecule has been predicted to be 1.36 Debye
in the rovibrational ground state [1], which is advantageous to explore new quantum phases such as a crystalline
phase.

We constructed an apparatus for laser cooling of Rb and Sr. For laser cooling of Sr, a 461-nm cooling beam
was derived from a SHG cavity using a KNbO; crystal [2], whereas a 497-nm repumping beam was derived from a
PPLN waveguide. We succeeded in simultaneous magneto-optical trapping of Rb and Sr.
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We present the realization of large Coulomb crystals containing up to 5 x 10° strontium ions. This kind of
sample has potential applications in different fields such as quantum information [1] and cold-molecule spectros-
copy [2]. Our experiment is based on a linear Paul trap loaded by photo-ionization of a strontium atomic vapor
using ultrafast pulses allowing for the formation of large multi-isotope Sr+ Coulomb crystals. We also present a
method for controlling the ratio between the various strontium isotopes in the ion crystals. For example we real-
ized pure crystals (of *¥Sr, *Sr*, and 3Sr" which has a natural abundance of 0.6%) as well as two-isotope crystals
(e.g. 3°Sr* + #Sr*). Coulomb crystals containing two spatially segregated isotopes have applications in quantum in-
formation experiments in which one isotope sympathetically cools a second isotope fully available for quantum ma-
nipulation. We also present preliminary measurements of single-pass absorption realized in such atomic samples.
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We investigate the guiding of electrons in a miniaturized planar ac-quadrupole guide (linear Paul trap) [1].
Electrons propagating freely along electrodes on a micro-fabricated chip experience a tight transverse harmonic
confinement. For our guiding parameters the dimensions of the quantum mechanical ground state of the guiding
potential is still resolvable by electron optics. This encourages experiments to prepare electrons in the transverse
motional ground state by matching the wavefunction of an incident electron with the ground state of the microwave
guide. Here we report on our ongoing experimental efforts. We use a single-atom tip electron emitter, a point source
for electrons producing an exceptionally bright and fully coherent electron beam, for injection into the guide. Ef-
ficient ground state coupling requires a spot size of ~ 100 nm and an angular spread of ~ 1 mrad of the incoming
electron wavefunction. For collimation of the electron wavepacket right after emission we are fabricating a sub-mi-
cron electrostatic lens. We present the current status of the experiment as well as numerical simulations on quantum
mechanical electron wavefunction propagation. In this context electron guiding represents an ideal starting point
for guided matter-wave interferometry and controlled electron-electron or electron-surface interactions where the
quantum mechanical states of the guide serves as carrier of quantum information.
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Laser cooling atoms to ultracold temperatures has opened a new fruitful regime for atomic physics. Closed shell
atomic ions, such as Na*, and nearly all molecular ions lack the optical transitions that are required for laser cooling,
precluding their use in a variety of experiments, including near zero-K reaction studies and applications such as
quantum gates. We have created a hybrid atom-ion trap system to cool atomic or molecular ions which cannot be
laser cooled [1]. It consists of a magneto-optic trap (MOT) for Na, concentric with a linear Paul r.f. ion trap [2,3].
Recent simulations we have carried out using SIMION 7 show that cold MOT atoms may be used to sympatheti-
cally cool hot ions to sub-Kelvin temperatures. We have found experimental evidence of this: trapped Na+ ions
exposed to the MOT have extended lifetimes in the Paul trap. We have studied secular frequency quenching of
unwanted ions (e.g. Na,+) from the Paul trap, without disturbing the trapped Na* ions.
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The magneto-optical traps allow cooling and trapping of atoms. Some of the possible applications for the cold
atoms are: spectroscopy of ultra-high resolution, atomic clocks and the achievement of Bose-Einstein condensate
[1]The purpose of our research is to study the behaviour of the movement of atoms by varying some parameters
of the trap, such as gradient magnetic field, the intensity of laser beams, the detuning and the intensity profile of
the beams. Simulations were conducted to describe the behaviour of the trajectory of an atom under the influence
of the forces present in a magneto-optical trap in the case of using beams with non-Gaussinan profile, it was also
necessary to deduce the force equation taking into account a new general intensity profile, calculated as follows:

[=1, 1—[yT
a

It is possible to obtain clouds of the atoms in a ring, by using a beam intensity profile different from the Gaussian.
Moreover, it is clear that the cloud of atoms in this new configuration becomes smaller.
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Generation of a decoherence-free entangled state using a
radio-frequency dressed state
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A noisy environment induces unwanted disturbances to quantum states and leads to decoherence. From this
point of view, a decoherence-free subspace (DFS) is well known to prolong the coherence time. In particular, a DFS
using a dressed state [1] (“dressed DFS”) has the advantage that quantum states are protected even in the presence
of a stray magnetic field gradient, which often limits the coherence time in a traditional DFS [1]. If qubits are glob-
ally exposed to an external field (dressing field), a Dicke ladder is constructed. States on the Dicke ladder whose
projections of total angular momentum are zero can be used to construct the dressed DFS.

We demonstrate dressed decoherence-free entangled state [2] i.e. a logical qubit in dressed DFS using a com-
bination of a dressed state of rf qubits and an Melmer-Serensen interaction. The coherence time of this entangled
state is increased by about 2 orders of magnitude with the protection of rf dressing field.
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Towards ultracold mixtures on an atom chip

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

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

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

Ana Rakonjac, Amita Deb, Bianca Sawyer, Thomas McKellar, and Niels Kjargaard*
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We report on the progress on a laser based accelerator for studying cold collisions between ultracold atoms.
Such miniature colliders may for example open up routes to study Efimov physics via the collision energy de-
pendence of three-body scattering observables [1] and to implement “hard probes” for strongly interacting gases.
Having demonstrated and characterized the working principle of the optical collider [3] using *’Rb atoms in the
‘F =2,m, = 2> ground state, we are presently extending the scheme to multiple internal quantum states and to col-
lisions between different atomic species. With a scheme based on laser confinement and acceleration an external
magnetic field can be exploited to tune atomic interactionsand scattering experiments can be conducted at fixed col-
lision energies into the millikelvin (measured in units of the Boltzmann constant) regime with nanokelvin samples.
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Fundamental atomtronic circuit elements
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Recent experiments have demonstrated steps toward creating neutral atom analogs to superconducting cir-
cuits[1]. The goals of these experiments are to create complex systems like Josephson junctions. For these devices
to function, an understandingof the more fundamental atomtronic elements is also needed. We describe the first
experimental realization of these fundamental elements. We have created an atom analog to a capacitor that we dis-
charged through a resistor and inductor. We derive theoretical values for the capacitance, resistance and inductance,
showing them to be analogous to the quantum capacitance[2], Sharvin resistance[3] and kinetic inductance[4]
found in condensed matter. This atomtronic circuit is implemented in a thermal sample of laser cooled rubidium
atoms. The atoms are confined using free-space atom chips, a novel optical dipole trap produced using a general-
ized phase-contrast imaging technique. We also discuss current progress in extending this work to a sodium BEC.
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Doppler cooling of multilevel-level systems by the
coherent pulse trains
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Direct application of the conventional Doppler cooling to multilevel atoms and molecules is challenging: most
atoms and all molecules have transitions that can radiatively branch out to a multitude of other states. Exciting pop-
ulation from all these lower-energy states requires a large number of lasers which makes the conventional scheme
impractical. Here we explore an alternative scheme: cooling with trains of ultrashort laser pulses. Frequency comb
(FC) spectrum generated by the pulse train can drive many transitions simultaneously. Positions and intensities of
individual FC teeth can be manipulated by pulse shaping techniques. Recently we demonstrated that the ensembles
of two- and three-level systems can be effectively cooled by such trains [1]. As a result of cooling, atomic velocity
distribution gravitates towards “velocity comb”: a series of narrow groups of atomic velocities separated by A,/ 7,
where A, is the carrier wave length and 7 is the pulse repetition period. Here we report our theoretical results on
Doppler cooling multilevel systems with coherent trains of shaped laser pulses.
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Excited state spatial distributions in a cold strontium gas

G. Lochead*, D. Boddy, D. Sadler, C. S. Adams, and M. P. A. Jones
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*araham.lochead@durham.ac.uk

Long-range interactions between Rydberg atoms in cold atom ensembles lead to spatial correlations that are
not present in the ground state distribution [1, 2]. We aim to study these correlations using a scanning autoionising
microscopy technique. We excite a cloud of Sr atoms cooled to 5SmK to a Rydberg state via a resonant two-photon
transition using narrowband CW lasers. Working with strontium means there is a second valence electron with a
transition at an accessible optical wavelength. Excitation of this electron leads to autoionisation of the atom. Previ-
ously we have used the fact that the autoionisation spectrum is dependent upon the atomic state of the Rydberg atom
to study the population transfer mechanics caused by the onset of plasma formation [3]. By translating a tightly
focused autoionisation laser across the ensemble we have extended the technique to measure the spatial distribution
of the Rydberg atoms. We present preliminary measurements of the 2D Rydberg state spatial distribution.
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Rf spectroscopy of the Efimov energy level
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We develop an experimental technique for rf association of Efimov trimers from a three-atom continuum. We
apply it to probe the lowest accessible Efimov energy level in bosonic lithium in the region where strong devia-
tions from the universal behavior are expected, and provide a quantitative study of this effect. Our measurements
indicate a shifted position of the Efimov resonance at the atom-dimer threshold as compared to the universal theory
prediction. The result of a different experimental technique concurs with the rf association measurements. This
technique explores secondary collisions of the dimer, formed in a three-body recombination, which cross-sections
are expected to increase in the vicinity of the Efimov resonance. We developed a model that counts the number of
elastic and inelastic collisions of a dimer with trapped atoms based on the available analytical expressions for the
cross-sections of these events. We show shift in the position of the secondary collisions’ enhancement for large
collisional opacities.
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Observation of ferromagnetic spin correlations in a 1D
Fermi system
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One of the simplest models used to explain ferromagnetism of delocalized spin 1/2 fermions is the Stoner
model, which predicts a transition to a ferromagnetic state when the strength of the repulsive interaction exceeds
the Pauli repulsion between identical fermions. Here we report on our studies of a quasi one-dimensional system
of ultracold fermionic °Li atoms in two different hyperfine states. For such a 1D system it has been shown that the
Stoner transition to ferromagnetism does not occur for a finite strengthof the repulsive interaction. We start from
ground-state systems of three to five particles and tune the interaction strength across + oo using a Feshbach reso-

nance. This allows us to create long-lived metastable states in which the energy of theinteracting spin ‘T~L> system
is larger than energy of the corresponding spin-polarized system. We probe the spin-spin correlations in the system
by letting a fraction of the particles escape from the trap and measuring the total spin of the remaining ensemble.
For the metastable branch across the resonance we find a strong enhancement in the number of spin polarized sys-
tems created by the spilling process, which signals the appearance of ferromagnetic correlations.
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Universality and the three-body parameter of helium-4
trimers
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We consider a system of three helium-4 atoms, which is so far the simplest realistic three-body system exhibit-
ing the Efimov effect [1], in order to analyse deviations from the universal Efimov three-body spectrum. We first
calculate the bound states using a realistic two-body potential, and then analyse how they can be reproduced by
simple effective models beyond Efimov’s universal theory.

We find that the non-universal variations of the first two states can be well reproduced by models parametrized
with only three quantities: the scattering length and effective range of the original potential, and the strength of a
small three-body force. Furthermore, the three-body parameter which fixes the origin of the infinite set of three-
body levels is found to be consistent with recent experimental observations in other atomic species.
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Exploration into ultra cold chemistry: few-body calculation
in Bose-Fermi mixture

Chen Zhang*, Javier von Stecher, Jose D’Incao, and Chris H. Greene
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This project investigates the properties of fermionic molecules *’Rb*K, including (i) its formation from a mixed
gas of bosonic ¥Rb and fermionic *“K through magnetic field ramping and (ii) its scattering properties after forma-
tion, which sheds light on both the formation and decay processes of the fermionic molecules. We mainly approach
this from a few-body perspective: the spectrum of two bosons (*’Rb) and two fermions (*’K) is first calculated in
a harmonic trap using a standard correlated-Gaussian basis throughout the range of a broad Fano-Feshbach reso-
nance. We also perform hypherspherical correlated-Gaussian calculation of the adiabatic hyperspherical potential
curve describing the bose-fermi mixture system at various scattering lengths. The single channel calculation and
multi-channel calculation provide effective dimer-atom scattering lengths and trimer-atom scattering lengths as
well as the dimer-dimer scattering phase shift.The avoided crossings in the hyperspherical potential curves of
the few-body system enables an interpretation of the scattering dynamics of the bose-fermi mixture system. This
single- and multi-channel scattering calculation shows agreement with the zero-range potential calculation in a
harmonic trap [1, 2].
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Investigating magnetic field near a superconducting atom
chip with cold atoms
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NTT Basic Research Laboratories, Atsugi, Japan
tetsuya@nttbrl jp

Magnetic field near a superconducting atom chip and an interaction between cold atoms and the cryogenic sur-
face of a superconductor have yet to be observed. In this paper an experimental study is made of the magnetic field
near a superconducting Nb disc with cold Rb atoms. When a superconducting disc in a pure state is exposed to a
perpendicular magnetic field, a funnel-form potential with a field minimum at the center of the disc surface appears
and atoms released in the potential are temporally accumulated near the surface. When the disc temperature is set
lower than the dendritic instability temperature the magnetic flux penetration is observed with inhomogeneously
distributed atomic clouds near the surface. A change in the magnetic flux distribution is triggered depending on the
disc temperature at which a magnetic field is applied.
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Conversion of bright magneto-optical resonances into
dark by changing temperature at fixed laser frequency for
D, excitation of atomic rubidium

M. Auzinsh, A. Berzins*, R. Ferber, F. Gahbauer, L. Kalvans, A. Mozers, and D. Opalevs

Laser Centre, The University of Latvia, LV-1586 Riga
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We present experimental results and theoretical predictions of magneto-optical resonances changing from
bright to dark resonances as a result of temperature changes when excited by circularly polarized light at the D,
transition of rubidium in natural mixture [1]. As the temperature was increased, the contrast of the bright resonance
decreased until the bright resonance disappeared at around 40°C. At this temperature, the optical depth traversed
by the laser beam in the 25-mm-long cell was ~ 0.39. At higher temperatures, a dark resonance was observed, and
its contrast grew with increasing temperature. The change from bright to dark resonance around an optical depth
of 0.66 is probably related to reabsorption. With each reabsorption cycle, information about the original coherent
atomic state is lost. At linearly polarized excitation substantial changes in the resonance profile also were observed,
although the resonance remained dark over the entire range of accessible temperatures.
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Effects of dark state formation in the hyperfine excitation
spectra of Na atoms
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We consider the formation of dark states upon interaction of hyperfine level systems with strong laser fields
[1]. Sodium 3S8,,,F" = 1,23S,,,,F"=1,2 and 3P,,,F’ =1,2 levels are coupled by a strong S-laser field with Rabi
frequency Qg forming the laser-dressed states. The latter are monitored by scanning a weak probe field across the
3P,,F =1,2—>7D,, transition. The excitation spectrum of the 7D;), state shows the presence of an intense main
peak with side peaks of much smaller intensities. The increase of Qg shifts the the side-peaks further apart, while
the position of the main peak is hardly affected. These observations are explained in the dressed-state formalism;
depending on the S-field detuning either F” = 1 or F" = 2 component of the ground state is coupled to the two
F’=1,2 levels of 3P,,. We show that the such system exhibits a visible “gray” state whose eigenvalue is weakly
affected by the magnitude of Q. This gray state evolves into a dark state at high Q.

We acknowledge support by the EU FP7 Centre of Excellence project FOTONIKA-LV and IRSES Project
COLIMA.
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Suppression of excitation channels by composite pulse
sequences
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We present a method for suppression of unwanted excitation channels in specific multistate quantum systems
by the application of composite pulse sequences. By making suitable choices for the phases of the constituent
pulses, we suppress excitation channels even when the couplings between the corresponding states are different
from zero. Compensation with respect to deviations in polarization, pulse area, and detuning are demonstrated.
The accuracy of the proposed technique, its experimental feasibility, and its robustness make it suitable for various
physical applications in quantum information processing and quantum optics.
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Optimal control of a few atoms in a bipartite superlattice
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For a single particle held in a bipartite superlattice with two different separations and under a external driving
of arbitrary shape, we construct analytical solutions in the nearest-neighbour tight binding approximation, through
a discrete Fourier transformation. By optimally designing the driving shapes, the analytical solutions are adopted
to quantitatively describe and control transport characterizations of the particle. Take the biperiodic driving, Rosen-
Zener pulse and Gaussian pulse as examples, the selective coherent destruction of tunneling (SCDT) and dynamic
localization are found, which are applied to coherent manipulations of the directed motion and Rabi oscillation. The
results could be extended to few-particle case and are useful for transporting quantum information carried by the
particles in a bipartite superlattice material or a bipartite optical lattice.
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Optical repumping of triplet-P states enhances magneto-
optical trapping of ytterbium atoms
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Radiative decay from the excited 'P, state to metastable °P, and °P, states is expected to limit the attainable
trapped atomic population in a magneto-optic trap of ytterbium (Yb) atoms. In experiments we have carried out
with optical repumping of *P,, states to *P;, we observe an enhanced yield of trapped atoms in the excited 'P, state.
The individual decay rate to each metastable state is measured and the results show excellent agreement with the
theoretical values.
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theory for the calculation of electric dipole polarizability of
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The coupled-cluster theory is one of the most reliable quantum many-body theory [1]. In the present work,
we have developed perturbed relativistic coupled-cluster (PRCC) theory [2] to incorporate the effect of external
clectric field as a perturbation in the atomic many-body calculations. For this, the coupled-cluster equations of the
singles and doubles cluster operators are derived and the contributing diagrams are examined. These diagrams are
further evaluated using angular momentum algebra. The PRCC operators, obtained by solving the coupled non-
linear equations, are then used for the dipole polarizability calculation of closed-shell systems. In this poster, we
will present results of electric dipole polarizability of noble gas atoms using the PRCC theory.
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Hyperfine frequency shift and Zeeman relaxation in alkali
vapor cells with anti-relaxation alkene coating
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A recently identified alkene based anti-relaxation coating exhibit Zeeman relaxation times in excess of 60 s in alkali
vapor cells (two orders of magnitude longer than in paraffin coated cells) [1]. The long relaxation times, motivate revisit-
ing the long-standing question of what is the mechanism underlying wall-collision induced relaxation and renew interest
in applications of alkali vapor cells to secondary frequency standards. We measure the Zeeman relaxation time, and the
width and frequency shift of the clock resonance, in #*Rb and *’Rb vapor cells with alkene anti-relaxation coating. in paraf-
fin coated cells. We find that the frequency shift is slightly larger than for paraffin coated cells. However we observe that
the Zeeman relaxation rate appears to be a linear function of the hyperfine frequency shift, whereas a linear dependence
was not observed in paraffin coated cells. To shed light on this result we propose a model describing different Zeeman
relaxation mechanisms of alkene and alkane cell-wall coatings.
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Programmable trap geometries with Superconducting
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The use of superconductors in atom chips is a recent development, presenting new opportunities for atom optics [1,
2]. One demonstrated advantage of superconductors over conventional conductors is the significant reduction of near-field
noise in current-carrying structures, leading to low atomic heating rates and enhanced spin-flip lifetimes [3]. We demon-
strate the trapping of ultracold atoms in the magnetic field formed entirely by persistent supercurrents induced in a thin
film type-1I superconducting square. The supercurrents are carried by vortices induced in the 2D structure by applying two
magnetic field pulses of varying amplitude perpendicular to its surface. This results in a selfsufficient trap which does not
require any externally applied fields. To demonstrate possible applications of these types of supercurrent traps we show
how a central quadrupole trap can be split into four traps by use of a bias field.
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Hybrid atom-membrane optomechanics
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In optomechanics, laser light is used for cooling and control of the vibrations of micromechanical oscillators,
with many similarities to the cooling and trapping of atoms. It has been proposed that laser light could also be used
to couple the motion of atoms in a trap to the vibrations of a mechanical oscillator [1]. In the resulting hybrid opto-
mechanical system the atoms could be used to read out the oscillator, to engineer its dissipation, and ultimately to
perform quantum information tasks.

We have realized a hybrid optomechanical system by coupling ultracold atoms to a micromechanical mem-
brane [2]. The atoms are trapped in an optical lattice, formed by retro-reflection of a laser beam from the membrane
surface, resulting in optomechanical coupling as proposed in [1]. We observe both the effect of the membrane
vibrations onto the atoms as well as the backaction of the atomic motion onto the membrane. By coupling the
membrane to laser-cooled atoms, we engineer the dissipation rate of the membrane. This mechanism can be used
to sympathetically cool the membrane with the atoms.
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Reaching the quantum ground state of a macroscopic mechanical object is a major experimental challenge in
physics, at the origin of the rapid emergence of cavity optomechanics. We developed a new generation of opto-
mechanical devices, either based on microgram 1-mm long quartz micropillar with very high mechanical quality
factor (10°) [1], or on 100-pg photonic crystal suspended nanomembranes [2]. Both are used as end mirror in a
Fabry-Perot cavity with a high optical finesse(up to 50 000) leading to ultra-sensitive interferometric measurement
of the resonator displacement. We expect to reach the ground state of such optomechanical resonators combining
cryogenic cooling with a dilution fridge at 30 mK and radiation-pressure cooling [3]. We already carried out a
quantum-limited measurement of the micropillar thermal noise at low temperature, and the cold damping of the
nanomembrane.
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The equilibrium characteristic of gravitational systems is theoretically well established. For example it has been
shown that particular phase transition occurs in the presence of non-additive long range interaction. In this context
microcanonical and canonical ensembles are not anymore equivalent. This situation is in striking contrast with the
experimental side of the subject where there is, so far, no controllable experimental system. We have recently show
some experimental evidences of a gravitational-like interaction on an one-dimensional test system consisting in a
cold gas of neutral Strontium atoms. For that purpose, two counter-propagating laser beams are tuned on the nar-
row intercombination line. In particular, we found that the density profile follows the expected 1/cosh? law and the
relaxation dynamic of the cold gas is modified by the long range interaction.
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We report on recent progress of room-temperature electron spin sensing for biological applications using nitro-
gen-vacancy (NV) centers in diamond. Room-temperature detection of a small number of electron spins, situated
outside the measurement substrate, has yet to be accomplished. Such an advance could lead to a number of applica-
tions, including measurement of concentrations of radicals in living cells, detection of magnetic resonance signals
from individual electron or nuclear spins of complex biological molecules, and monitoring the ion channel function
across cell membranes (important for exploring drug delivery mechanisms). Thus, the ability to measure magnetic
fields with sensitivity allowing detection of a small number of electron spins with sub-micrometer resolution would
be of major importance to the biological sciences.
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We present an in situ beam characterization technique to analyze femtosecond optical beams in a folded version
of a 2f-2f setup [1]. This technique makes use of a two-dimensional spatial light modulator (SLM) to holographi-
cally redirect radiation between different diffraction orders. This manipulation of light between diffraction orders
is carried out locally within the beam. Because SLMs can withstand intensities of up to I ~ 10" W/cm?, this makes
them suitable for amplified femtosecond radiation. The flexibility of the SLM was demonstrated by producing a di-
verse assortment of “soft apertures” that are mechanically difficult or impossible to reproduce. We test our method
by holographically knife-edging and tomographically reconstructing both continuous wave and broadband radia-
tion in transverse optical modes. This work was supported by the Robert A. Welch Foundation (grant No. A1546)
and the National Science Foundation (grant No. 0722800).
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Photoelectron yields from the ionization of xenon with linearly polarized, unchirped 50 fs laser pulses were
measured for a set of laser intensities using an above threshold ionization (ATI) [1] apparatus. All laser parameters
other than the radiation intensity were held constant over the set of intensity measurements. A recently developed
deconvolution algorithm was used to retrieve the photoelectron ionization probability from spatially averaged data
in three dimension. Finally, an error analysis was performed to determine the stability and accuracy of the algorithm
as well as the quality of the data. It was found that the algorithm produced greater contrast for peaks in the ATI spec-
tra where atom specific resonant behavior is observed. Additionally, the total yield probability showed that double
ionization was observed in the ionization yields. The error analysis revealed that the algorithm was stable under
the experimental conditions for a range of intensities. This work was supported by the Robert A. Welch Foundation
(grant No. A1546) and the National Science Foundation (grant No. 0722800) and the U.S. Army Research Office
(WI911NF-07-1-0475).
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Simulations of time evolution of the quantum system involving light and matter are so far performed using the
time-dependent Schrodinger or Dirac equation with classical electromagnetic fields or using a quantized photon
field with the very much simplified matter part. We consider, however, it is of great importance to develop a simula-
tion method based on QED (Quantum Electrodynamics) in the form of quantum field theory, and without recourse
to the perturbative approach. We believe such a theoretical technique opens up a way to study and predict new phe-
nomena. Rigged QED [1] is a theory which has been proposed to treat dynamics of charged particles and photons
in atomic and molecular systems in a quantum field theoretic way. We discusses a method to follow the step-by-step
time evolution of the quantum system employing Rigged QED. We found “electron-positron oscillations” in the
charge density, the fluctuations originated from virtual electron-positron pair creations/annihilations [2].
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The strong-field process of multiphoton above-threshold ionization (ATI) in laser-irradiated carbon molecule
of fullerene Cq, is addressed theoretically within the velocity-gauge (VG) formulation of molecular strong-field
approximation (SFA) [1]. Our VG-SFA results demonstrate a high suppression of ATI peaks in two different (viz.,
in low-energy and high-energy) domains of calculated molecular photoelectron spectrum and two respective pro-
nounced interference minima both arising due to destructive intramolecular (multislit) quantum interference. The
applied approach also suggests quite a clear and transparent interpretation for the physical mechanism underlying
the phenomenon of high suppression in Cy, strong-field ionization earlier observed in relevant experiment [2].
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Propagation of elliptically polarized light pulses under the coherent population trapping (CPT) in a medium
of two-level atoms with degenerate energy levels is studied. Theoretical analysis is based on the density matrix
formalism and the reduced Maxwell’s equation. It is shown that the pulses of ellipticity and orientation angle of
the polarization ellipse travel with delay. We derive the analytical expression for a group velocity for all possible
“dark” transitions J, = J — J, = J (J is integer), where J, and J, are the total angular momentum of atomic ground and
excited states. In addition, the new interesting effect is revealed. The sense of the effect consists in stimulated phase
modulation due to variation of the polarization ellipse spatial orientation. This phase modulation includes two light
pulses: a pilot pulse that passes through the medium with velocity of light in vacuum and a slow pulse, propagating
in sync with the pulse of the orientation angle.

Tu-216 Other
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The robustness of cohenrent nuclear spin superposition was to be tested experimentally under electromag-
netically-induced transparency scheme [1] using a A-system consisted of Sr¥ atoms in |'S;,F=9/2,m=5/2>,
['Sg,F=9/2,m;=9/2>, ]’P,,F=7/2,m,=7/2> states. The storage time of light in a coherent spin superposition was
planned to be measured in the experiment. A numerical semi-classical approach to solve the distribution of atoms
[2] under the previous set-up was performed so as to provide an insight to the situation where a minority of ‘impu-
rity’ Sr¥” atoms in different spin states existed, resulting in low temperature collisions in the cloud. Such impact in
spin coherence of the atom cloud was to be investigated through the simulation.
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Dynamical decoherence control of atomic spin ensemble
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Decoherence of central spin S in a bath made of sufficiently close / spins leads to loss quantum property of
central spin. The coupling between different central spins S and intrabath coupling is neglected. We apply spin
flip o, at time ¢, and G = {c,}. We use controlled randomness in dynamical decoupling for switching off unwanted
evolution in interacting quantum systems by proposing a random decoupling setting that uses a random decoupler
to encode a logical frame related to physical of and then to spin flip the system randomly over time by following a
random control path.
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Quantum particles around near-black hole objects:
resonant particle capture, spectrum collapse, and the
smooth transition to black hole absorption
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We investigate quantum properties of particles in the gravitational fields of “near black-hole objects”: bodi
es with radius R that slightly exceeds the Schwarzschild radius . We find that massless quantum particles scat-
tered by the gravitational field of such an object possess a dense spectrum of narrow resonances: a set of long lived
metastable states whose lifetimes and density tend to infinity in the black-hole limit R — r,. The cross-section of
particle capture into these resonances at low energy is equal to the absorption cross-section for a Schwarzschild
black hole; thus, a non-singular static metric acquires black-hole properties before the actual formation of a black
hole [1]. Massive particles also have bound states in the field of these near black-hole objects. In the limit R — r;
all bound states tend to zero energy and the energy spectrum becomes quasi-continuous. However until there is a
singularity in the metric, there are no zero-energy states, and hence no pair production occurs in these systems.
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Adiabatic evolution of light in parallel curved optical waveguide array is theoretically investigated. For two
waveguides it has been demonstrated in [1]. This problem is shown to bear a close connection with coherent popu-
lation transfer in a “bow-tie” model for atoms and molecules. For the presented models complete light transfer
between the outer waveguides is achieved, and the respective conditions of validity are given. These conditions
impose certain restrictions on the geometry of the waveguides and on the optical properties of the system. The case
of three waveguides is analysed using the solutions of the well known bow-tie model. For the case of more than
three waveguides the system can be reduced to a number of three-level waveguide sub-systems. The latter is illus-
trated on the specific example of an array of four waveguides. Analytic results supported by numerics are derived
for complete light transfer.
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The magnetic-field dependence of the circular polarization evidences the exciton fine structure and helps to
determine the anisotropic part of the exciton exchange splitting. This splitting increases from 110 to 160 peV with
increasing the detection energy. This behavior is explained by the fact that the splitting is essentially due to the
anisotropic shape in this quantum ring [1]. Symmetry of the QR structures as well as its breaking cause character-
istic features in the optical spectra, which are determined by the electron —hole exchange and the Zeeman interac-
tion of the carriers. The symmetry breaking is either inherent to the dot due to geometry asymmetries, or it can be
obtained by applying a magnetic field with an orientation different from the ring axis.
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