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The p-orbital Bose-Einstein condensation of twospecies mixture in a bipartite square optical lattice
I-Kang Liu1, Jhih-Shih You2, Shih-Chuan Gou1, Congjun Wu3
1. Department of Physics and Graduate Institute of Photonics, National Changhua University of
Education, Changhua 50085, Taiwan
2. Department of Physics, National Tsinghua University, Hsinchu 30047, Taiwan
3. Department of Physics, University of California, San Diego, CA92093

In recent years, the unconventional Bose-Einstein condensation (BEC) in the p-orbital band of
an optical lattice, has been under active studies both theoretically and experimentally [1-4]. In
this presentation, we investigate the p-orbital BEC of two-species mixture in a bipartite optical
lattice by solving Gross-Pitaevskii equation numerically. We have developed a reliable
imaginary-time propagation method applicable to a truncated basis where the ground state is
excluded, to locate the lowest-energy states in the p-orbital band. We find that the p-orbital
BEC states depend crucially on the ratio of gAB/gAA, where gAB>0 is the inter-species
interaction and gAA=gBB>0 are the intra-species interactions. When gAB/gAA <1, each species is
characterized independently by one of the two degenerate, time-reversal-symmetry-broken and
staggered orbital-current orders, px±ipy. Conversely, when gAB/gAA>1, the two species are
characterized respectively by the two mutually orthogonal and time-reversal-symmetrypreserved orders, px+py and px-py, or vice versa.
References
[1] George Wirth, Matthias Ölschläger and Andreas Hemmerich, Nat. Phys. 7 147153 (2011).
[2] M. Ölschläger, T. Kock, G. Wirth, A. Ewerbeck, C. Morais Smith and A. Hemmerich, New J. Phys. 15, 0803041
(2013).
[3] Congjun Wu, Mod. Phys. Lett. B 23, 1(2009).
[4] Zi Cai and Congjun Wu, Phys. Rev. A 84, 033635 (2011).
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Dynamics of ultracold atoms in amplitudemodulated parabolic lattices
Tomotake Yamakoshi1, Shun Ohgoda1, Shinichi Watanabe1, Alexander Itin2

2. Space Research Institute, Moscow

Ultracold atoms in amplitude modulated optical lattices is a promising tool for generation of
matter wavepackets for interferometry [1], and for fulfilling quantum simulations of
complicated solid-state phenomena [2]. Here we extend a semiclassical theory developed by
one of us (A.I.) for the Hamburg experiment with ultracold fermions [2]. We firstly consider a
particle in a combined optical lattice and parabolic trap potential in 1-dimension, and predict
the form of the wavepacket in an excited band of the lattice after an amplitude modulation
pulse. In the bosonic system [1], it allows us to achieve more efficient population transfer. We
also apply it to the system of noninteracting fermions [2] and analyze the detailed structure of
the wavepacket. This allows, in particular, to predict subsequent dynamics of the system on
longer times.
References
[1] P. L. Pedersen et al., Phys. Rev. A 88, 023620(2013)
[2] J. Heinze et. al., Phys. Rev. Lett. 110, 085302 (2013)
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Novel quantum phenomena of atomic quantum gas
in a shaken optical lattice
Li-Chung Ha1, Logan W. Clark1, Karina Jiménez-García1, Colin V. Parker1, Cheng Chin1, 2
1. The James Franck Institute and Department of Physics, University of Chicago
2. Enrico Fermi Institute, University of Chicago

Ultracold atoms in optical lattices have proven to be clean, controllable systems for exploring a
variety of strongly correlated many-body phenomena. We have developed the capability to
hybridize targeted Bloch bands by resonantly shaking the optical lattice potential [1]. When the
shaking amplitude reaches a threshold value, a Bose condensate can acquire an asymmetric
dispersion relation with a minimum at a finite quasi-momentum (similar to roton dispersion in
He-4). To probe the dispersion, we employ a digital micromirror device to imprint an optical
excitation with controllable wavelength and energy. From time of flight and in situ images, we
plan to map out the full dispersion relation and identify the minimum. Finally, we will also
attempt to drag an optical barrier through the cloud and directly measure the critical velocity.
Our study would demonstrate the power of shaken optical lattices to explore new classes of
quantum phenomena in condensed matter materials with exotic band structure.
References
[1] C. V. Parker, L.-C. Ha, and C. Chin, Nat. Phys. 9, 769 (2013)
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Direct observation of chiral order in double layer
superfluid
Arne Ewerbeck, Robert Büchner, Thorge Kock, Matthias Ölschläger, Andreas Hemmerich
1. Institute of Laser Physics, Hamburg
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A double layer chiral superfluid is formed in the second band of a bipartite optical square
lattice. In an ballistic expansion process the two layers are superimposed. The Bragg maxima
thus observed exhibit interference patterns, which provide direct information on the formation
of chiral order and the presence and character of low energy excitations. Furthemore we
report on the progress of setting up a new bose-fermi mixture experiment.
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Effective preparation of atomic condensates in
excited bands of an optical lattice by standingwave pulses
Xiaoji Zhou, Xuguang Yue, Xuzong Chen
1. School of Electronics Engineering and Computer Science, Peking University, Beijing 100871, People’s
Republic of China

We present a method for the effective preparation of a Bose-Einstein condensate (BEC) into the
excited bands of an optical lattice via a standing-wave pulse sequence. With our method, the
BEC can be prepared in either a single Bloch state in an excited band or a coherent
superposition of states in different bands. Our scheme is experimentally demonstrated by
preparing a BEC into the d band and the superposition of s- and d-band states of a onedimensional optical lattice, within a few tens of microseconds. We also measure the decay of
the BEC in the d-band state and carry an analytical calculation for the collisional decay of
atoms in the excited-band states. Our theoretical and experimental results agree well [1].
Furthermore, the diffraction phases of different orders are studied for ultracold atomic gases
scattered by a standing-wave pulse [2].
References
[1] Y. Y. Zhai, X.G. Yue, Y.J. Wu, X.Z. Chen, P. Zhang, X. J. Zhou, Phys. Rev. A 87, 063638 (2013).
[2] X.G. Yue , Y.Y. Zhai , Z.K. Wang, H.W. Xiong, X. Z. Chen, X. J. Zhou, Phys. Rev. A 88, 013603 (2013) .
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Tunneling-Induced Restoration of the Degeneracy
and the Time-Reversal Symmetry Breaking in
Optical Lattices
Tomasz Sowinski1, 2, 4, Mateusz Lacki3, Omjyoti Dutta3, 4, Joanna Pietraszewicz1, Piotr Sierant3,

MONDAY

Mariusz Gajda1, 2, Jakub Zakrzewski3, Maciej Lewenstein4
1. Institute of Physics of the Polish Academy of Sciences, Warszawa, Poland
2. Center for Theoretical Physics of the Polish Academy of Sciences, Warszawa, Poland
3. Marian Smoluchowski Institute of Physics, Jagiellonian University, Krakow, Poland
4. ICFO - The Institute of Photonic Sciences, Barcelona, Spain

The ground-state properties of bosons loaded into the p-band of a one dimensional optical
lattice is studied. It is shown that the phase diagram of the system is substantially affected by
the anharmonicity of the lattice potential. In particular, for a certain range of tunneling
strength, the full many-body ground state of the system becomes degenerate. In this region, an
additional symmetry of the system, namely the parity of the occupation number of the chosen
orbital, is spontaneously broken. The state with nonvanishing staggered angular momentum,
which breaks the time-reversal symmetry, becomes the true ground state of the system.
References
[1] T. Sowinski et al., Phys. Rev. Lett. 111, 215302 (2013)
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Using Tilted, Modulated Lattices to Implement
Novel Hamiltonians
William Cody Burton1, Colin Kennedy1, Woo Chang Chung1, Georgios Siviloglou1, 2, Wolfgang
Ketterle1
1. Massachusetts Institute of Technology
2. University of Amsterdam

We first present our implementation of the Harper Hamiltonian in neutral atoms using the
general tools of a tilted lattice with laser-assisted tunneling in one direction [1]. We have
demonstrated control over the amplitude of the laser-assisted tunneling, but have not yet
achieved the ground state and so have not seen the phase structure associated with
Hofstadter’s butterfly. Our scheme can be extended to realize spin-orbit coupling and the
quantum spin Hall effect [2]. We report on further studies of a simpler system: a tilted lattice
with amplitude modulation. We demonstrate restoration of coherence and a lifetime of over a
thousand cycles. We explore the effect of the dimensionality of the lattice, interaction strength,
modulation strength, and tilt depth on dephasing due to the dynamic instability and
micromotion. We present a region of stability, which provides a starting point for the many
proposals for quantum simulation using tilted lattices.
References
[1] H. Miyake, et al., Phys. Rev. Lett. 111, 185302 (2013).
[2] C.J. Kennedy, et al., Phys. Rev. Lett. 111, 225301 (2013).
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Bosons in optical lattices: beyond the BoseHubbard Hamiltonian
C. Carbonell-Coronado1, F. De Soto1, M.C. Gordillo1
1. Departamento de Sistemas Físicos, Químicos y Naturales, Facultad de Ciencias Experimentales,
Universidad Pablo de Olavide. Carretera de Utrera, km 1, 41013 Sevilla, Spain.
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The standard approximation to describe a set of bosonic neutral atoms loaded in optical lattices
is the discrete Bose-Hubbard (BH) Hamiltonian. In fact, the first examples of those systems
were hailed as experimental realizations of that approximate model. However, we found that
the set of simplifications involved in the derivation of the BH model make it unsuitable to
describe many real optical lattices. We present here zero-temperature phase diagrams for the
complete (non discrete) continuous Hamiltonians that model those arrangements. That allowed
us to check the validity of the Bose-Hubbard approximation for quasi-one dimensional systems
(''tubes'') and asymmetric ($V_x=V_y \neq V_z$) ones. In particular, we concluded that for very
thin ''tubes'' and asymmetric three-dimensional lattices, the BH prescription differs
significantly from our results. Our data can serve as a reference to future experiments in the
field, since we explore parts of the phase diagram that are not well modeled by the BH
Hamiltonian.
References
[1] F. De Soto, C. Carbonell-Coronado, and M.C. Gordillo, Phys. Rev. A 89, 023633 (2014).
[2] C. Carbonell-Coronado, F. De Soto, and M.C. Gordillo, Phys. Rev. A 87, 063631 (2013).
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Ultracold Atoms in a Tunable Optical Kagome
Lattice
Thomas Barter1, Claire Thomas1, Dan Stamper-Kurn1
1. University of California, Berkeley

We realize the Bose-Hubbard model on a triangular lattice with a tunable basis by loading
ultracold 87Rb into commensurate 532 nm and 1064 nm triangular lattices. Each lattice is
actively stabilized on a common path, preserving the phase relationship. We detail recent
improvements to this scheme that allow dynamic in-loop control of the lattice geometry and
shifting of the lattice over many periods.
This control over the lattices allows us to realize the Kagome lattice, and explore methods to
populate its dispersionless third band. We investigate phase modulation of the lattice to invert
the band structure, and we explore dynamic shifting of the two lattices to populate higher
bands. We also explore next-nearest neighbor tunneling in an inverted triangular lattice.
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Bose-Einstein condensation of ultra-cold atoms in a
frustrated, triangular optical lattice
Ludwig Mathey

We present a study of Bose-Einstein condensation of ultracold atoms in a triangular optical
lattice. As demonstrated in Ref. [1], the tunneling energy between neighboring sites in an
optical lattice can be controlled via lattice shaking to be negative or complex-valued. For
negative, real-valued tunneling, the system condenses at one of two non-zero quasimomenta,
corresponding to classical frustration. Tuning the tunneling energy to complex values
corresponds to an artificial gauge field. We demonstrate that the nature of the condensation
transition is modified due an additional symmetry that is broken, a chiral symmetry.
Furthermore, the artificial gauge field acts as the conjugate external field to the chiral order
parameter, which allows to map out magnetization curves of the chirality as a function of the
article gauge field. We give analytical results on the nature of the phase transition, based on an
expansion of the free energy in the interaction strength and on a renormalization group
approach, and numerical ones, based on Monte Carlo simulations.
References
[1] J.Struck, M.Weinberg, C.Ölschläger, P.Windpassinger, J.Simonet, K.Sengstock, R.Höppner, P.Hauke,
A.Eckardt, M.Lewenstein & L.Mathey, "Engineering Ising-XY spin-models in a triangular lattice using tunable
artificial gauge fields." Nature Physics (2013)
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Magnetometric Probe of an Ultra-cold Spinor Gas
James Higbie1
1. Bucknell University

Ultracold atoms have been shown to permit highly sensitive micron-scale magnetometric
measure- ments. Here, we propose that a cold-atom magnetometer oﬀers a new and sensitive
method of probing the magnetic state of a second nearby ultracold spinor gas. We analyze the
measurement back-action from such a magnetometric probe for polar-state and ferromagneticstate probes, and compare to a Heisenberg-limited measurement.
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Quantum dynamics of spin waves using ultracold
atoms
Takeshi Fukuhara1, Sebastian Hild1, Peter Schauß1, Johannes Zeiher1, Christian Gross1,
Immanuel Bloch1, 2
1. Max-Planck-Institut für Quantenoptik, 85748 Garching, Germany

MONDAY

2. Fakultät für Physik, Ludwig-Maximilians-Universität München, 80799 München, Germany

Ultracold-atom experiments are suitable to study out-of-equilibrium dynamics of quantum manybody systems. Here we will report the quantum dynamics of deterministically created mobile
spin impurities as well as spin spirals in the bosonic atoms in optical lattices. First, we
investigate the dynamics of a single-spin impurity in a one-dimensional spin chain [1]. Coherent
propagation of the single spin, which generates and transfers entanglement, is observed.
Second, we examine bound states of two magnons in a Heisenberg chain by tracking their
dynamics. Such bound states were theoretically pointed out by H. Bethe in 1931, and our novel
microscopic study of quantum magnets can directly confirm their existence [2]. Third, we study
the decay of highly excited states of spin spirals and discuss their diffusive behavior.
References
[1] T. Fukuhara et al., Nature Phys. 9, 235 (2013).
[2] T. Fukuhara et al., Nature 502, 76 (2013).
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Quantum control of a many-body system in a spin1 Bose-Einstein condensate
Thai Hoang1, Martin Anquez1, Bryce Robbins1, Michael Chapman1
1. Georgia Institute of Technology

Spin-1 condensates provide a useful platform for investigations of quantum control. By tuning
the relative strength of the Zeeman and spin interaction energies, the spin dynamics behave
similarly to a quantum pendulum. In the inverted pendulum case, the condensate is initialized
to an unstable (hyperbolic) fixed point, and we demonstrate the dynamic stabilization by
periodic manipulation the phase of the quantum states. In the case of a simple quantum
pendulum, the condensate is initialized to an (elliptical) energy contour and we demonstrate
the parametric excitation by modulating the relative strength of the Zeeman and spin
interaction energies.
References
T. M. Hoang, C. S. Gerving, B. J. Land, M. Anquez, C. D. Hamley, and M. S. Chapman, Phys. Rev. Lett. 111, 090403
(2013)
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Investigation of Kibble-Zurek quench dynamics in a
spin-1 ferromagnetic BEC
Martin Anquez1, Bryce Robbins1, Thai Hoang1, Benjamin Land1, Christopher Hamley1, Michael

1. Georgia Institute of Technology

We study the temporal evolution of spin populations in small spin-1 Rb-87 condensates
following a slow quench. A ferromagnetic spin-1 BEC exhibits a second-order gapless
(quantum) phase transition due to a competition between the magnetic and collisional spin
interaction energies. The dynamics of slow quenches through the critical point are predicted
to exhibit universal power-law scaling as a function of quench speed. In spatially extended
condensates, these excitations are revealed as spatial spin domains. In small condensates, the
excitations are manifest in the temporal evolution of the spin populations illustrating a KibbleZurek type scaling [1]. We will present the results of our investigation and compare them to full
quantum simulations of the system.
References
[1] B. Damski and W. H. Zurek, Phys. Rev. Lett. 99, 130402 (2007).
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Metastable Spin Texture of Spin-1 Bose-Einstein
Condensates in a Ring Trap
Masaya Kunimi1
1. Department of Engineering Science, University of Electro-Communications, Tokyo 182-8585, Japan

Various properties of superfluidity, such as persistent current, and hysteresis, were
investigated by recent experiments of Bose-Einstein condensates trapped in a ring
geometry[1,2,3]. Motivated by these experiments, we investigate properties of spin-1 BoseEinstein Condensates(BECs) in a quasi-one-dimensional rotating ring by solving the GrossPitaevskii(GP) and the Bogoliubov equation. We find analytical solutions of metastable energy
branches, which exhibit spin textures. These solutions correspond to one-dimensional version
of the polar-core vortex. We also find that the number of type-I and type-II NambuGoldstone(NG) modes changes at a certain rotation velocity(type-I-type-II transition[4]). The
physical origin of the change of the number of the NG modes will be discussed.
References
[1] K. C. Wright, R. B. Blakestad, C. J. Lobb, W. D. Phillips, and G. K. Campbell, Phys. Rev. Lett. 110, 025302
(2013). [2] S. Beattie, S. Moulder, R. J. Fletcher, and Z. Hadzibabic, Phys. Rev. Lett. 110, 025301 (2013). [3] S.
Eckel, J. G. Lee, F. Jendrzejewski, N. Murray, C. W. Clark, C. J. Lobb, W. D. Phillips, M. Edwards, and G. K.
Campbell, Nature 506, 200 (2014). [4] D. A. Takahashi and M. Nitta, arXiv:1404.7696 (2014).
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Dipolar ultracold atoms in a double well trap
Laurent Vernac1, Bruno Naylor1, Aurélie de Paz1, Olivier Gorceix1, Paolo Pedri1, Etienne
Maréchal1, Bruno Laburthe-Tolra1
1. Laboratoire de Physique des Laser, Université Paris 13, 99 Avenue Jean Baptiste Clément, 93430
Villetaneuse, France
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We have investigated the physics of spin exchange processes with a chromium dipolar BEC
loaded in a double well trap. We can prepare one cloud in one well in the lowest energy
Zeeman state (ms=-3), and the other one in the other well in the highest energy Zeeman state
(ms=+3).
We show that dipolar spin exchange processes between these two separated large ensembles
of atoms are prohibited, in stark contrast with our previous results obtained in 3D optical
lattices [1]. We interpret our results due to the classical behaviour of a large ensemble of spins.
When we merge the two wells, spin exchange dynamics due to contact interactions occur.
Analysis of the dynamics provides the first measurement of one scattering length of 52Cr, a0.
The value we find (-100 aB) shows that the low B field ground state of the spinor 52Cr BEC is
polar [2,3].
References
[1] A. de Paz et al., Phys. Rev. Lett. 111, 185305 (2014)
[2] L. Santos and T. Pfau, Phys. Rev. Lett. 96, 190404 (2006)
[3] R. B. Diener and T. L. Ho, Phys. Rev. Lett. 96, 190405 (2006)
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Quantum phases in an asymmetric double-well
optical lattice
Saurabh Paul1, Eite Tiesinga2
1. Joint Quantum Institute and University of Maryland, College Park
2. National Institute of Standards and Technology, Gaithersburg, Joint Quantum Institute and University
of Maryland, College Park

We study the superfluid (SF) and Mott insulator phases of ultracold atoms trapped in a doublewell optical lattice. The lattice has an asymmetric double-well geometry along the $x$ axis and
single wells along the other axes. We evaluate the tunneling and atom-atom interaction
energies from exact band-structure calculations. We then show that a comparable tight binding
(TB) model should include all tunneling terms between two neighboring double-wells, i.e, a
total of six different hopping terms. In addition, there is tunneling $J_{\perp}$ along the other
directions. We set up the appropriate Bose-Hubbard Hamiltonian, and a mean field calculation
determines the SF and Mott phase boundaries as a function of lattice parameters and chemical
potential $\mu$. The boundary is largely characterized by an effective tunneling $t_{\rm
eff}=t+J$ along the $x$ axis. Moreover, for $t_{\rm eff}\ge 4J_{\perp}$, we always have a SF
phase. In future, we will use the results of these simulations to construct effective lattice
models where the atom-atom interaction is zero and the interactions are governed by a threebody potential. Such systems might lead to unique many-body ground states.
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Experiments with BECs in a Painted Potential:
Atom SQUID, Matter Wave Bessel Beams, and
Matter Wave Circuits
1. Physics Division, Los Alamos National Laboratory, Los Alamos, NM 87545, USA

The Painted Potential is a time-averaged optical dipole potential which is able to create
arbitrary and dynamic two dimensional potentials for Bose Einstein condensates (BECs). This
poster reports three recent experiments using this technique. First, we have realized the dc
atom SQUID geometry of a BEC in a toroidal trap with two Josephson junctions. We observe
Josephson effects, measure the critical current of the junctions, and find dynamic behavior that
is in good agreement with the simple Josephson equations for a tunnel junction with the ideal
sinusoidal current-phase relation expected for the parameters of the experiment. Second, we
have used free expansion of a rotating toroidal BEC to create matter wave Bessel beams, which
are of interest because perfect Bessel beams (plane wave with amplitude profiles described by
Bessel functions) propagate without diffraction. Third, we have realized the basic circuit
elements necessary to create complex matter wave circuits. We launch BECs at arbitrary
velocity along straight waveguides, propagate them around curved waveguides and stadiumshaped waveguide traps, and split them coherently at y-junctions that can also act as switches.
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Observation of Solitonic Vortices in Bose-Einstein
Condensates
Simone Donadello1, Simone Serafini1, Marek Tylutki1, Lev P. Pitaevskii1, Franco Dalfovo1,
Giacomo Lamporesi1, Gabriele Ferrari1
1. INO-CNR BEC Center and Department of Physics, University of Trento, Italy

We observe solitonic vortices in an atomic Bose-Einstein condensate after free expansion. Clear
signatures of the nature of such defects are the twisted planar density depletion around the
vortex line, observed in absorption images, and the double dislocation in the interference
pattern obtained through homodyne techniques. Both methods allow us to determine the sign
of the quantized circulation. Experimental observations agree with numerical simulations.
These solitonic vortices are likely the decay product of grey solitons spontaneously created
after a rapid quench across the BEC transition in a cigar-shaped harmonic trap via the KibbleZurek mechanism and are shown to have a very long lifetime.
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Ring Dark Solitons in Toroidal Bose-Einstein
Condensates
Lauri Toikka1, Kalle-Antti Suominen1
1. Turku Centre for Quantum Physics, University of Turku
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Ring dark solitons (RDSs) are examples of nonlinear quantum states that can be supported by a
Bose-Einstein condensate (BEC). Unlike the well-known planar dark solitons, exact analytic
expressions for RDSs are not known. We address this problem by presenting exact localised
soliton-like solutions to the radial Gross-Pitaevskii equation. To date, RDSs have not been
experimentally observed in cold atomic gases, either. To this end, we propose two protocols for
their creation in experiments. In addition, we present results regarding the dynamics and
stability of RDSs. Under certain trapping potentials, we show that the decay of RDSs into
circular arrays of vortex-antivortex pairs can be reversible, but eventually the decay leads to a
state with some properties of quantum turbulence.
References
[1] L. A. Toikka, J. Hietarinta, and K.-A. Suominen, Exact soliton-like solutions of the radial Gross-Pitaevskii
equation, J. Phys. A: Math. Gen. 45, 485203 (2012)
[2] L. A. Toikka and K.-A. Suominen, Snake instability of ring dark solitons in toroidally trapped Bose-Einstein
condensates, Phys. Rev. A 87, 043601 (2013)
[3] L. A. Toikka, O. Kärki, and K.-A. Suominen, Creation and revival of ring dark solitons in an annular BoseEinstein condensate, J. Phys. B: At. Mol. Opt. Phys. 47, 021002 (2014)
[4] L. A. Toikka, Self-interference of a toroidal Bose-Einstein condensate, New J. Phys. 16, 043011 (2014)
[5] L. A. Toikka and K.-A. Suominen, Reversible decay of ring dark solitons, J. Phys. B: At. Mol. Opt. Phys. 47,
085301 (2014)
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One dimensional atomic rings with barriers: a
Luttinger liquid approach to precision
measurement
Steve Ragole1, Jacob Taylor1
1. Joint Quantum Institute, University of Maryland, College Park MD 20742, USA

Recent experiments [1] have realized ring shaped traps for ultracold atoms which can be
‘stirred’ with a moving laser. Here, a similar 1D ring system is imagined and analyzed using
the framework of Luttinger liquid theory. Using the duality in Luttinger theory, we
simultaneously consider systems of superfluid atoms with a weak link and long-range repulsive
atoms (or ions) with a weak barrier. We find that classical theory suggests high precision
sensors can be constructed from these systems; we attempt to extend these results into the
quantum regime.
References
[1] 1. Wright, K., et al. Driving phase slips in a superfluid atom circuit with a rotating weak link. Phys. Rev. Lett.
110, 025302 (2013).
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Finite-Temperature Effects in ring-shaped BoseEinstein condensates
Mark Edwards1, 2, 3, Noel Murray1, Charles Clark2, 3

3. Joint Quantum Institute

A recent experiment performed at NIST [1], in which hysteretic behavior of a stirred, ringshaped Bose-Einstein condensate (BEC) was demonstrated, has shown quantitative
disagreement with zero-temperature mean-field theory. We have studied finite-temperature
effects in this system by applying the Zaremba-Nikuni-Griffin (ZNG) theory to model the
experiment. The ZNG theory describes the system as consisting of both a condensate and a
non-condensate. It allows for time-dependent evolution of both parts and for them to interact
and exchange particles. The evolution of the condensate is described by a dissapative
generalized Gross-Pitaevskii equation while the non-condensate evolution is governed by a
quantum Boltzmann equation. We show how the presence of a thermal cloud modifies the
behavior of vortices produced during the stirring process compared to their behavior at zero
temperature.
References
[1] S. Eckel, et al., Nature 506, 200 (2014)
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Investigation of Critical correlations in an ultracold
Bose gas by means of a temporal Talbot-Lau
interferometery
Xuzong Chen1, Wei Xiong1, Xiaoji Zhou1
1. School of Electronics Engineering and Computer Science, Peking University, Beijing 100871, China

Phase transitions is a popular phenomena in nature, among them the transition from normal
fluid to superfluid for helium is a famous one. Rubidium gas, while the temperature of it is
reduced to the nano kelvin region, will alter from the normal gas to the quantum gas, the BoseEinstein condensate, which is the phase of superfluidy. The phase transition takes at the
critical point. Similar to the helium, the correlation length will grow to infinity as the critical
point is approached, In this presentation we report that we develop a method, temporal TalbotLau (TL) interferometer, to measure this lamda transition point for rubidium gas at the
temperature as low as 50 nano kelvin. This approach demonstrates the potential application of
the Talbot–Lau interferometer to a wide range of critical phase transitions in ultra-cold atomic
gases [1] and atomic interferometer in high sensitivity [2].
References
[1] W. Xiong, X. J. Zhou, X. G. Yue, X. Z. Chen, B. Wu, H. W. Xiong, Laser Phys. Lett. 10 , 125502(2013).
[2] W. Xiong, X. J. Zhou, X.G. Yue, Y.Y. Zhai, X. Z. Chen, New Journal of Physics 15, 063025 (2013).
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Collective modes of a two-dimensional quantum
gas
Karina Merloti1, Romain Dubessy1, Laurent Longchambon1, Maxim Olshanii2, Hélène Perrin1
1. Laboratoire de physique des lasers, CNRS, Universit'e Paris 13, Sorbonne Paris Cit'e, 99 avenue J.-B.
Cl'ement, F-93430 Villetaneuse, France
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2. Department of Physics, University of Massachusetts Boston, Boston, Massachusetts 02125, USA

The study of the excitation modes of a quantum gas is a way to characterize its dynamical
properties. The low energy excitations of a quantum gas trapped in an harmonic potential are
collective modes. They can be excited by inducing a sudden change in the trap parameters.
Here, we present results of the study of two important collective modes of a two-dimensional
bosonic quantum gas [1]: the monopole mode (or breathing mode), and the scissors mode. In
particular, we show that the third, strongly confining dimension has a measurable effect on the
breathing mode frequency, in agreement with our theoretical predictions and numerical
simulations [2]. The scissors mode can be used to characterize the superfluid phase. We study
its frequency and damping as a function of temperature across the transition to degeneracy.
References
[1] K. Merloti, R. Dubessy, L. Longchambon, M. Olshanii and H. Perrin, Physical Review A 88, 061603(R) (2013).
[2] K. Merloti, R. Dubessy, L. Longchambon, A. Perrin, P.-E. Pottie, V. Lorent, and H. Perrin, New J. Phys. 15,
033007 (2013).
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Measurement-based control of many-body systems
Robert Heck1, Romain Müller1, Wenzhuo Zhang1, Aske R. Thorsen1, Jens Jacob Sørensen1,
Malte C. Tichy1, Jan Arlt1, Mark G. Bason1, Jacob F. Sherson1

Quantum control is an ambitious framework for steering dynamics from initial states to
arbitrary desired final states. While immensely successful in low dimensions, it has been
applied only to a limited extent to many-body systems such as atoms in optical lattices. Most
generic quantum control schemes require either a controllable system Hamiltonian or a large
set of measurement operators.
We have developed a new minimalistic control scheme based on a combination of fixed unitary
evolution and repeated quantum non-demolition (QND) measurements [1].
As an initial step towards a realization we present our experimental results on the continuous,
highly resolved QND probing of the quantum phase transition between a thermal cloud and a
BEC. The continuous probing enables instantaneous feedback control of the system as well as
very efficient single-shot detection of entire phase diagrams - a technique also applicable to the
superfluid to Mott insulator transition in optical lattices [2].
References
[1] Mads K. Pedersen, Malte C. Tichy, Jens Jakob Sørensen and Jacob F. Sherson, Control-free quantum state
engineering by projective measurements at optimised times, to be submitted
[2] B. Rogers, M. Paternostro, J. F. Sherson and G. De Chiara, Characterisation of Bose-Hubbard Models with
Quantum Non-demolition Measurements, to be submitted
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A novel experiment for coupling a Bose-Einstein
condensate with two crossed cavity modes
Julian Leonard1, Moonjoo Lee1, Andrea Morales1, Tilman Esslinger1, Tobias Donner1
1. Institute for Quantum Electronics, ETH Zürich
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Over the last decade, combining cavity quantum electrodynamics and quantum gases allowed
to explore the coupling of quantized light fields to coherent matter waves, leading e.g. to new
optomechanical phenomena and the realization of quantum phase transitions. Triggered by the
interest to study setups with more complex cavity geometries, we built a novel, highly flexible
experimental system for coupling a Bose-Einstein condensate (BEC) with optical cavities, which
allows to switch the cavity setups by means of an interchangeable science platform. The BEC is
produced from a cloud of laser-cooled 87Rb atoms which is first loaded into a hybrid trap,
formed by a combined magnetic and optical potential. We use an optical setup involving focustunable lenses to optically transport the atomic cloud into the cavity setup, where it is cooled
down to quantum degeneracy.
At first we aim to explore the coupling of a BEC with two crossed cavity modes. We report on
our progress on the implementation of a science setup involving two cavities intersecting under
an angle of 60°. The mirrors have been fabricated in order to spatially approach them, thus
obtaining maximum single atom coupling rates of several MHz. This setup will allow us to study
the coherent interaction of a BEC and the two cavity modes both in internal lambda-level
transitions and in spatial self-organization processes in dynamical hexagonal lattices.
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Heat Capacity of a Bose-Einstein condensate
measured through Global variables
G. Telles1, R. Shiozaki1, P. Castilho1, F. Poveda-Cuevas1, G. Roati2, V. Romero-Rochín3, V.

1. Instituto de Física de São Carlos, Universidade de São Paulo, Caixa Postal 369, 13560-970, São
Carlos - SP, Brazil
2. INO-CNR and LENS, University of Florence, via N. Carrara 1 50019 Sesto Fiorentino, Italy
3. Instituto de Física, Universidad Autónoma de México, Apartado Postal 20-364, 01000 México, Distrito
Federale, Mexico

We have developed a new technique which allows for the determination of the global heat
capacity of Bose-Einstein condensates [1,2], across the phase transition. A pair of global
conjugate variables is defined then we determine the system's total internal energy and its
temperature derivative, the heat capacity. A rapidly changing CV was observed in the vicinity of
the critical temperature, in a 87Rb BEC, very similar to the λ point in liquid 4He.
The evolution of the measured CV , near the critical temperature, suggests an interplay of the
mean field interactions. The more interesting observed effects are: the Tc absolute value
downshift; the CV peak round off; and, the larger values of the normalized CV for lower N in a
relatively broad T range, below the critical temperature.
References
[1] V. Romero-Rochín, Phys. Rev. Lett 94, 130601 (2005)
[2] V. Romero-Rochín et al. Phys. Rev. A 85, 023632 (2012)

Bose Gases

Mo-028

Probing the excitation spectrum of a ring-shaped
Bose-Einstein Condensate
Yi-Hsieh Wang1, Ryan Wilson1, Noel Murray2, Mark Edwards2, Charles W. Clark1
1. Joint Quantum Institute, University of Maryland and National Institute of Standards and Technology
2. Department of Physics, Geogia Southern University

Bose-Einstein condensates confined in ring geometries provide us with a powerful tool to study
bulk superfluidity in finite systems. Recently, the NIST experiment demonstrated the controlled
introduction of quantized superfluid currents using a blue-detuned Gaussian beam as a
potential barrier [1]. Here, we model an experiment where this barrier is used to selectively
excite collective excitations in a ring-shaped condensate. We present full calculations of the
collective excitation spectrum, and use time-dependent simulations of the Gross-Pitaevskii
equation to model the proposed experimental protocol. We demonstrate that the appropriate
stirring of the barrier can resonantly excite selective modes, which in turn depletes the
condensate and excites atoms out of the trap, providing a clear experimental signature of the
spectrum
References
[1] S. Eckel et al., Nature 506, 200 (2014).
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Dynamics of coupled mixtures in optical lattices
Jeremy Reeves, Ludwig Krinner, Mike Stewart, Arturo Pazmino, Dominik Schneble
1. Stony Brook University
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Bosonic quantum-gas mixtures in optical lattices allow for a wide range of studies including
disordered systems, dissipative phenomena, and out-of-equilibrium effects. We subject a
bosonic rubidium gas to species-selective optical lattice potentials and drive coherently
between two hyperfine ground states. We observe non-trivial coherent oscillations between the
localized atoms and superfluid. Results of further experiments on the interplay between
coupling strength and interactions in the mixture will be discussed.

Bose Gases

Mo-030

Superfluid Atomtronic Circuits
Stephen Eckel1, Fred Jendrzejewski1, Avinash Kumar1, Gretchen K. Campbell1
1. Joint Quantum Institute, NIST and the University of Maryland

We have created a superfluid atom circuit using a toroidal Bose-Einstein Condensate. Just as a
current in a superconducting circuit will flow forever, if a current is created in our superfluid
circuit, the flow will not decay as long as the current is below a critical value. A repulsive
optical barrier across one side of the torus creates a tunable weak link in the condensate
circuit and can be used to control the current around the loop. By rotating the weak link, we
have observed phase slips between well-defined persistent current states, which are analogous
to transitions between flux states in an rf-superconducting quantum interference device
(SQUID). Importantly, we have demonstrated that these transitions are hysteretic, a
characteristic of many common electronic circuits like memory, digital noise filters, and,
indeed, the rf-SQUID. More recently, we have realized a geometry similar to a dc-SQUID using
two weak links. In this case, we can move these weak links relative to each other and observe
resistive flow when the current exceeds the critical current. This observation of resistive flow
is an important step to realizing the atomtronic analog of the dc-SQUID. Lastly, we have
developed techniques of measuring the current flow around the ring which allows us to
measure the current-phase relationship of our weak link.
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Emergence of coherence in a 2D uniform Bose gas
Lauriane Chomaz1, 2
1. Laboratoire Kastler Brossel

The emergence of coherence in a 2D Uniform Bose gas is fundamentally different from both the
3D and the 2D harmonic case. First, in this case, Bose Einstein condensation is precluded in
the thermodynamics limit but it can be recovered in finite size system when the correlation
length becomes of the order of the size of the system itself. Second, the 2D regime can then be
reach even when the spacing of transverse ground and first excited state is not greater than
the thermal energy $k_B T$. The 2D nature then rely on the so-called transverse condensation
phenomenon that was previously mainly described for a 1D harmonically trapped gases [1-3].
We experimentally investigate the appearance of coherence in a Bose gas trapped by a 2D flat
bottom potential and a transverse harmonic one. Here, the coherence is characterized in two
ways, first by the bimodality of the density distribution in time of flight measurement, second
by fringes pattern appearing when interfering two identical systems.We compute the phase
diagrams of these coherence parameters versus the temperature T and the number of atoms N
and enhance the importance of the transverse condensation phenomenon.
Finally, we show some dynamics features of the crossing of this superfluid transition by
characterizing nucleation of single vortices by Kibble Zurek like mechanism.
References
[1] N. J. van Druten and W. Ketterle, Phys. Rev. Lett. 79, 549 (1997).
[2] J. Armijo, T. Jacqmin, K. V. Kheruntsyan, and I. Bouchoule, Phys. Rev. A 83, 021605(R) (2011).
[3] Wu RuGway & al. Phys. Rev. Lett. 111, 093601 (2013).
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Three-body recombination of helium atoms from
ultracold to thermal energies: classical trajectory
vs. quantal calculations
Jesús Pérez-Ríos1, Steve Ragole2, Jia Wang3, Chris H. Greene1
1. Physics Department, Purdue University, West Lafayete, IN 47907, USA
2. Joint Quantum Institute, University of Maryland, College Park, MD 20742, USA
3. Department of Physics, University of Connecticut, Storrs, CT 06269, USA

A general method to study classical scattering in n-dimensions is developed. Through classical
trajectory calculations the three-body recombination rate is computed as a function of the
collision energy for helium atoms, as an example. The energies treated range from the
ultracold up to the thermal regime. The classical results for zero total angular momentum are
compared with the quantum calculations for the JΠ = 0+ symmetry, yielding a good agreement
for E > 1 K. The classical threshold law is derived and numerically confirmed for the threebody recombination rate. Finally, a relationship is found between the quantum and classical
three-body elastic cross section at high collision energies that resembles the well-known
shadow scattering in two-body collisions.
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Field dependent studies of inelastic scattering
properties in an ultracold mixture of lithium and
metastable ytterbium
Richard Roy1, William Dowd1, Rajendra Shrestha1, Alan Jamison1, Alaina Green1, Subhadeep

1. University of Washington

The ultracold mixture of excited state alkaline-earth-like and ground state alkali atoms is a
novel system in which to study two-body and few-body physics. Unlike the ground state of
ytterbium, the long lived metastable 3P2 state is predicted to support broad magnetic Feshbach
resonances with the ground state of lithium, offering a promising route towards the production
of ultracold heteronuclear ground state dimers with both magnetic and electric dipole
moments. We report on measurements of the field dependence of inelastic scattering
properties in this mixture over a wide range of magnetic fields. We also present progress
towards a three dimensional optical lattice for the Li-Yb mixture. A tunable optical lattice
provides useful tools to control and study collisions in our system, can enhance molecule
production efficiency, and can serve as a platform for quantum simulation and information
science. Additional potential studies include the use of Yb as an impurity probe of stronglyinteracting Li fermions.

Few Body Interactions and Collisions

Mo-034

Measurements of Na - Na+ total collision rate
Douglas Goodman1, James Wells1, Frank Narducci2, Winthrop Smith1
1. Department of Physics, University of Connecticut
2. Naval Air Systems Command, EO Sensors Division

The realization of a hybrid trap, which is an ion trap overlapped with a neutral species trap,
has greatly increased experimental and theoretical interest in cold ion-neutral collisional
studies. The hybrid trap used by our group consists of a sodium (Na) magneto optical trap
(MOT) concentric with a Linear Paul Trap (LPT) containing sodium ions. We present
preliminary measurements of the total collision rate (both charge exchange and elastic)
between optically dark Na+ and Na and compare it with theoretical (quantal ab-initio)
calculations of the total collision rate constant. Furthermore, we investigate the rate
constant's dependence on the neutral polarizability by varying the Na MOT's average excited
state population, which profoundly changes the effective polarizability. In doing so, we will
also present a (two-level) model-independent study of the MOT's excited state fraction.
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Dynamics of gas phase Ne*-ND3 Penning ionization
at low temperatures
Krzysztof Jachymski1, Benjamin Bertsche2, Justin Jankunas2, Michał Hapka3, Andreas
Osterwalder2
1. Faculty of Physics, University of Warsaw, Hoza 69, 00-681 Warsaw, Poland
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2. Institute for Chemical Sciences and Engineering, Ecole Polytechnique Fédérale de Lausanne, 1015
Lausanne, Switzerland
3. Faculty of Chemistry, University of Warsaw, Pasteura 1, 02-093 Warsaw, Poland

We study Penning ionization of ammonia molecules with metastable neon atoms in the range of
collision energies from 0.1 to 250 K in a merged beam experiment. The reaction leads to the
formation of ND3+ and ND2+, the two reaction channels differing by the ND3 orbital from which
ionization occurs. We observe a constant branching ratio for these channels over the entire
energy range studied here, which spans three orders of magnitude. We also measure the total
ionization rate constant. At low energies the experimental results are well reproduced by
multichannel quantum defect theory calculations that rely on the long-range interaction
potential. At higher energies the importance of short-range potential details is increased, which
changes the collision energy dependence of the observed rates.

Few Body Interactions and Collisions

Mo-036

Few-body interactions in an ultacold Bose-Fermi
mixture
Kaijun Jiang1
1. Wuhan Institute of Physics and Mathematics, Chinese Academy of Sciences.

Ultracold mixture composed of different atomic spieces has become attractive today, which can
expand our research range due to its more adjustable parameters. While at the same time,
more experimental challenges should be solved. In this poster, we will introduce our
experimental progress on the way to approach the ultracold degenerate Bose-Fermi mixture
(rubidium87, pottasium40 and lithium6). Based on this experimental setup, we propose to
study the two-body and three-body interactions in the ultracold mixture. As a preparation for
the experiment, we will also introduce some theoretical predictions about few-body interaction
in the ultracold quantum gas. For example, the width of the Feshbach resonance has a big
effect on the binding energy of a molecule [1]; compared to a wide resonance, the interaction
shows a surprising exotic behavior in a narrow resonance [2].
References
[1] Shiguo Peng, Hui Hu, Xiaji Liu and Kaijun Jiang, Phys. Rev. A 86, 033601 (2012)
[2] Shiguo Peng, Shuohan Zhao and Kaijun Jiang, Phys. Rev. A 89, 013603 (2014)
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Collisional Properties of Ultracold Radium Isotopes
Umakanth Dammalapati1, Steven Knoop2, Lucas Visscher3
1. Department of Physics, The University of Dodoma, P O Box 259, Dodoma, Tanzania.
2. LaserLaB, Vrije Universiteit, De Boelelaan 1081, 1081 HV Amsterdam, The Netherlands.
Netherlands.

Ultracold atoms are in use for different experimental goals such as optical frequency
standards, quantum degenerate gases, atom interferometry, fundamental symmetry studies
and many other applications. In particular, ultracold radioactive isotopes have been in use for
beta-decay studies, atomic parity violation and for searches of permanent Electric Dipole
Moment (pEDM) studies. Group II alkaline earth radioactive element radium (Ra) has been
proposed to be good candidate for pEDM experiment [1, 2] and also as an optical frequency
standard [3]. Recently, optical dipole trapping of ultracold 226Ra has been demonstrated [4]. In
this context, we have calculated the elastic collisional properties and s-wave scattering lengths
of the long lived bosonic and fermionic isotopes of Ra based on the available potentials and
dispersion coefficients. We report preliminary results of our calculations.
References
[1] V. V. Flambaum, Phys. Rev. A 60, R911(1999).
[2] L. Willmann, et al., Hyperfine Interact. 211, 39 (2012).
[3] M. Nunez Portela et al., Appl. Phys. B 114, 173 (2014).
[4] Parker et al., Phys. Rev. C 86, 065503 (2012).
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Very low power two-photon absorption in cold
atoms using an optical nanofiber

87

Rb

Vandna Gokhroo1, Ravi Kumar1, 2, Kieran Deasy1, Síle Nic Chormaic1
1. Okinawa Institute of Science and Technology, 1919-1 Tancha, Onna-son, Okinawa 904-0495, Japan.
2. Physics Department, University College Cork, Cork, Ireland.

Here, we demonstrate the use of cold atoms and an optical nanofiber (ONF) to probe 2-photon
absorption at a few nanowatts of powers. Apart from its spectroscopic importance, this study
will be useful for all optical switching [1] and quantum logic gates at low powers. An ONF,
having a subwavelength diameter, is characterized by a strong evanescent field around the
waist region even when very low powers propagate through the fiber. When an ONF is
integrated with a cold atom setup, this evanescent field is used to couple the cold atoms with
the guided light in the ONF.
In our experiment, the ONF is fabricated by the heat-and-pull technique using hydrogen:
oxygen flame [2]. Laser-cooled 87Rb atoms are excited from 5S1/2 →5D5/2 via a 2-photon
excitation process using 5P3/2 as an intermediate level. Using a few nanowatts of 780 nm (5S1/2
→5P3/2) and 776 nm light (5P3/2 →5D5/2) through the ONF, the atoms are excited to the 5D5/2
state and thereby spontaneously emit 5.2 µm (5D5/2 →6P3/2) and 420 nm (6P3/2→5S1/2) photons
which is coupled to the ONF itself. We detect the 420 nm fluorescence photons via the ONF
and study the effects like ac Stark effect and power broadening in this process for such a
system.
References
[1] S. M. Hendrickson et al, Phys. Rev. A 87, 023808 (2013).
[2] J. M. Ward et al, arXiv:1402.6396.
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A nanostructured tapered optical fiber for cold
atom trapping
Síle Nic Chormaic1, Mark Daly1, Ciarán Phelan1, Kieran Deasy1, Viet Giang Truong1

0495, Japan

Optical micro and nanofibres (MNFs) are invaluable tools for the study and manipulation of
cold atoms [1]. Of particular interest is the trapping of around the MNF, for which a number of
techniques have been proposed and demonstrated [2-4]. To-date, only the two-color trap [2-4]
has been experimentally realized. In this configuration the forces due to the off-resonance
fields of a far-detuned red and blue laser are used to create a potential to trap the atoms
around the fiber. Here, we propose
a novel scheme for a tapered optical fiber-based atom trap, whereby a nanoscale slot aligned
along the fiber axis is produced at its waist using focused ion beam (FIB) techniques. This
change in the fiber geometry results in high evanescent field intensities both within the slot
and at the external surfaces of the fiber, allowing multiple atom trapping sites to be realized
through two-color trapping [5].
References
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17, 10449 (2013).
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[3] E. Vetsch, D. Reitz, G. Sagué, R. Schmidt, S.T. Dawkins, and A. Rauschenbeutel, Phys. Rev. Lett. 104, 203603
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Phys. Rev. Lett. 109, 0336034 (2013).
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Laser cooling with three-level cascade transitions:
calculations for group I and II atoms and prospects
for tests with calcium
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Brazil
2. Departamento de Fisica, Universidade Federal Rural de Pernambuco, Recife, PE, 52171-900, Brazil
3. National Institute of Standards and Technology, Time and Frequency Division, Mail Stop 847, 325
Broadway, Boulder, Colorado 80305, USA

Motivated by finding alternative cooling techniques for alkaline-Earth atoms, we analyze twocolor laser cooling with three-level transitions. For cascade transitions in which the upper level
has longer lifetime than the intermediate one, and for cooling in “EIT regime”, using "strong"
and "weak" lasers, we theoretically find that temperatures below the Doppler limits associated
with each one of the individual transitions are expected [1]. Here we present estimations of
temperatures as function of detunings and laser intensities for alkaline-Earth (Mg, Ca, Sr, Yb,
Zn, Cd) and metal-alkaline atoms (Rb, Cs, Na), which can help guiding further experiments and
stimulate additional theoretical work. We study the influence of coherences (affected by phase
fluctuations between the lasers) on the final temperatures, and suggest a simpler method to
estimate temperature limits in terms of dressed states decay rates. We will also present our
progress towards experimental tests in a calcium MOT.
References
[1] Flavio C. Cruz, Michael L. Sundheimer, and Wictor C. Magno, Phys. Rev. A 87, 063409 (2013)
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Atomic Interactions with a Bichromatic Field:
Stimulated Emission and Laser Cooling
Robinjeet Singh1, Sai Vinjanampathy2, Petr Anisimov3, Harold Metcalf4, Jonathan P. Dowling1
1. Hearne Institute of Theoretical Physics and Department of Physics and Astronomy, Louisiana State
University, Baton Rouge, LA 70803, USA.
2. Centre for Quantum Technologies, National University of Singapore, 3 Science Drive 2, Singapore
117543.
3. Los Alamos National Laboratory, Los Alamos,NM 87545, USA.
4. Department of Physics and Astronomy, Stony Brook University, Stony Brook, NY 11794, USA.

We report numerical results for interactions of a two level atom with the bichromatic field with
the atom modelled to undergo stimulated emission only. Changes in the entropy, temperature
and the atomic states present evidences laser cooling of atom in our system. The changes in
the entropy of the field supports the argument for fields to be efficient reservoirs for the
entropy lost by the atom. Efficiency of such cooling scheme is suggestive ideally to be Carnot
efficiency limited.
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Dynamics of Polychromatic Optical Forces for
Deceleration of Atoms and Molecules
Scott Galica1, Leland Aldridge1, Tony Le1, Edward Eyler1

To gain insight into the dynamics and limitations of coherent optical forces, we have performed
numerical studies of the bichromatic force in a two-level system [1]. We discovered an
improved explanation for the robustness of the force against imbalanced beam intensities.
These studies also led us to develop a four-color polychromatic (4CF) variation, offering an
increased velocity range and a decreased excited-state fraction. Experimental studies of the
4CF in helium are planned.
We have also numerically modeled a three-level system with a weakly coupled dark state. The
bichromatic force remains effective, although it depends strongly on the power of a repumping
laser. This is encouraging for applications to molecular systems, which we are exploring
experimentally by utilizing the near-cycling B ↔ X transition in CaF. We are initially performing
beam-deflection studies on a supersonic molecular beam, with longitudinal slowing to follow.
Support for this work provided by NSF.
References
[1] S.E. Galica, L. Aldridge, and E.E. Eyler, Phys. Rev. A 88, 043418 (2013).
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Laser Cooling without Spontaneous Emission
Christopher Corder1, Brian Arnold1, Harold Metcalf1
1. Physics and Astronomy, Stony Brook University, Stony Brook, NY 11794-3800, USA

It is usually presumed that spontaneous emission is necessary to remove both the energy and
entropy lost by an atomic vapor during laser cooling. While this is true for monochromatic light
in both Doppler and Sisyphus molasses and also in a MOT, we have shown that a
multifrequency optical field itself can do both [1]. Previous bichromatic force (BF) experiments
have demonstrated strong forces over a large, finite velocity range resulting in atomic beam
collimation and slowing [2,3]. Our BF experiment uses the 23S-33P transition in helium at
λ=389 nm, and its short duration (180 ns) precludes multiple spontaneous emission events (33P
lifetime is 106 ns). The resulting atomic velocity distributions are shifted by very many atomic
recoils, verifying that the force derives from multiple, rapid, stimulated processes. Removing
the need for spontaneous emission allows laser cooling without the usual requirement for
cycling transitions.
Supported by ONR
References
[1] H. Metcalf, Phys. Rev. A 77, 061401(R) (2008).
[2] M. Partlow, X. Miao, J. Bochmann, M. Cashen, and H. Metcalf, Phys. Rev. Lett. 93, 213004 (2004).
[3] M. Cashen and H. Metcalf, Phys. Rev. A 63, R025406 (2001).
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Localized Interactions between Laser-cooled Atoms
and Optical Near-field
Natsuo Ichinoseki1, Yuji Sunaga1, Taro Mashimo1, Shohei Fujita1, Kousuke Shibata1, SatoshiTojo1
1. Department of Physics, Chuo University, Tokyo 112-8551, Japan
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Precise manipulation of laser-cooled atoms near surfaces is a powerful technique for the
accurate detection of atoms-surface interactions [1, 2]. We have experimentally studied higherorder interactions between laser-cooled atoms and an optical near-field. We have prepared
laser-cooled 85Rb atoms in crossed far-off resonance traps and loaded them into an optical nearfield region near a glass surface. We report on interactions between atoms and glass surfaces
using precise controlled optical dipole force traps. Additionally, we have calculated numerically
higher-order interactions of atoms and an optical near-field.
References
[1] H. Bender et al., Phys. Rev. Lett. 104, 083201 (2010).
[2] D. J. Alton et al., Nature Phys. 7, 159 (2011).
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Surface Science with Trapped Ions
Crystal Noel1, Nikos Daniilidis1, Sebastian Gerber1, Greg Bolloten1, Michael Ramm1, Anthony
Ransford1, E. Ulin-Avila1, Ishan Talukdar1, Hartmut Haeffner1
1. University of California, Berkeley

We present efforts to characterize electric field noise at the surface of an ion trap [1]. A novel
setup, combining the ion trap with surface analysis tools, allows for studies of the surface
composition and cleaning of the trap combined with precision measurements of surface noise
using a single ion as the electric field noise sensor. Reducing noise levels by identifying and
targeting the cause will allow for advancement in the use of ion traps for scalable quantum
computing, as well as other noise sensitive applications.
References
[1] Probing surface electric field noise with a single ion. arXiv:1307.7194 [physics.atom-ph]
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1. Department of Physics, Harvard University, Cambridge, MA 02138, USA
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3. Massachusetts Institute of Technology, Cambridge, MA 02139, USA
4. JILA, National Institute of Standards and Technology and Department of Physics, University of
Colorado, Boulder, CO 80309, USA

We report on our progress toward laser cooling and magneto-optical trapping (MOT) of CaF
molecules. In this experiment, we use a two-stage buffer-gas cooled beam source to produce a
cold and slow beam of CaF with an average forward velocity of 60 m/s [1]. We plan to load a
MOT from this buffer-gas source. Similar to the steps taken for laser cooling of YO [2] and SrF
[3], we will use "white-light" to slow the molecular beam below the MOT capture velocity. With
the aim of depopulating magnetic dark states in the MOT, we are oscillating the trapping
magnetic fields and simultaneously switching the MOT laser polarizations at a frequency of ~ 6
MHz (comparable to the natural lifetime of the CaF excited state).
References
[1] N. R. Hutzler, et al., Chem. Rev. 112, 4803 (2012).
[2] M. T. Hummon, et al., Phys. Rev. Lett. 110, 143001 (2013).
[3] J. F. Barry, et al. arXiv:1404.5680.
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Magnetic Slowing, Optical Loading and Magnetic
Trapping of CaF and K
Ivan Kozyryev*1, 2, Hsin-I Lu1, 2, Louis Baum1, 2, Boerge Hemmerling1, 2, Julia Piskorski1, 2, John
Doyle1, 2
1. Department of Physics, Harvard University, Cambridge, MA 02138, USA
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We demonstrate a general method for trapping magnetic molecules using few photon
scattering in combination with magnetic slowing [1]. Starting from a two-stage cryogenic
buffer-gas beam source, calcium monofluoride (CaF) molecules with an initial velocity of 30 m/s
are slowed as they enter a 800 mK deep superconducting magnetic trap. Irreversible trap
loading is achieved using optical pumping, where two scattered photons remove molecular
energy and lead to trapping. We observe trapped CaF molecules in the X2Σ+(v=0, N=1) state
with lifetimes exceeding 500 ms, which is limited by background collisions. Potassium (K) was
also trapped using the same approach with trap lifetimes beyond 9 s. Our future plans are to cotrap calcium monohydride (CaH) molecules with K atoms for studying K-CaH sympathetic
cooling and the trapping of polyatomic molecules.
References
[1] H.-I Lu, I. Kozyryev, B. Hemmerling, J. Piskorski, and J. M. Doyle, Phys. Rev. Lett. 112, 113006 (2014).
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Laser cooling and slowing of CaF molecules
M. Hambach, A. Cournol, S. Truppe, J.J. Hudson, M.R. Tarbutt, B.E. Sauer, E.A. Hinds
1. Centre for Cold Matter, Blackett Laboratory, Imperial College London, Prince Consort Road, London

Producing ultra-cold and dense samples of polar molecules is a technical challenge and has
been investigated with several techniques over the last decade [1]. Some of the future
applications are related to quantum information, ultra-high resolution spectroscopy, tests of
fundamental symmetries and ultra-cold chemistry. Laser cooling is a direct technique and can
be applied to a wide range of molecules with suitable vibrational structure [2,3].
We have experimentally demonstrated longitudinal laser cooling and slowing of CaF molecules
in a pulsed, seeded supersonic beam machine [4]. We have pursued a laser frequency chirp
cooling experiment, where the chirp frequency rate is set in order to keep the laser in
resonance during the cooling process.
Further, we present our progress towards a magneto-optical trap of CaF molecules. We start
from a slow buffer gas source and plan to apply Sisyphus cooling and slowing to increase the
number of trapped molecules substantially.
References
[1] E. S. Shuman, J. F. Barry and D. DeMille, Nature 467, 820-823 (2010).
[2] M. D. Di Rosa, Eur. Phys. J. D 31, 395-402 (2004).
[3] M.T. Hummon, M. Yeo, B.K. Stuhl, A.L. Collopy, Y. Xia and J. Ye, Phys. Rev. Lett. 110, 143001 (2013), and
references therein.
[4] V. Zhelyazkova, A. Cournol, T. E. Wall, A. Matsushima, J. J. Hudson, E. A. Hinds, M.R. Tarbutt, and B. E. Sauer,
Phys. Rev. A 89, 053416 (2014).
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MM-Wave Spectroscopy and Determination of the
Radiative Branching Ratios of 11Bh for Laser
Cooling Experiments
Stefan Truppe1, Darren Holland1, Richard Hendricks1, Ed Hinds1, Ben Sauer1, Mike Tarbutt1
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We aim to slow a supersonic, molecular beam of 11BH using a Zeeman slower and subsequently
cool the molecules to sub-millikelvin temperatures in a magneto-optical trap [1]. Most
molecules are not suitable for direct laser cooling because the presence of rotational and
vibrational degrees of freedom means there is no closed-cycle transition which is necessary to
scatter a large number of photons. As was pointed out by DiRosa [2] there exists a class of
molecules for which the excitation of vibrational modes is suppressed due to highly diagonal
Franck-Condon factors. Furthermore, Stuhl et al. [3] showed that angular momentum selection
rules can be used to suppress leakage to undesired rotational states. Here we present a
measurement of the radiative branching ratios of the A1Π to X1Σ+ transition in 11BH - a
necessary step towards subsequent laser cooling experiments. We also perform high-resolution
mm-wave spectroscopy of the J = 0 to J = 1 rotational transition in the X1Σ+(v = 0) state near
708 GHz. From this measurement we derive new, accurate hyperfine constants. The measured
hyperfine splittings and branching ratios suggest that it is possible to laser cool 11BH molecules
close to the recoil temperature of 4 μK using three laser frequencies only.
References
[1] R. J. Hendricks, D. A. Holland, S. Truppe, B. E. Sauer, M. R. Tarbutt, arxiv:1404.6174 (2014).
[2] M. D. DiRosa, The European Physical Journal D 31, 395 (2014).
[3] B. K. Stuhl, B. C. Sawyer, D. Wang, J. Ye, Physical Review Letters 101, 243002 (2008).
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Magneto-Optical Trapping of a Diatomic Molecule
Eric Norrgard1, Daniel McCarron1, John Barry2, Matthew Steinecker1, Eustace Edwards1,
David DeMille1
1. Yale University
2. Harvard University

The magneto-optical trap (MOT) is the workhorse technique for atomic physics in the ultracold
regime, serving as the starting point in applications from optical clocks to quantum-degenerate
gases. Although MOTs have been used with a wide array of atomic species, realization of a
molecular MOT was long considered infeasible. Here we present the first magneto-optical trap
for a molecule, strontium monofluoride (SrF). Our MOT produces the coldest trapped sample of
directly-cooled molecules to date, with temperature T ∼2.5 mK. The SrF MOT is loaded from a
cryogenic buffer-gas beam slowed by laser radiation pressure. Images of laser-induced
fluorescence allow us to characterize the trap's properties. Although magneto-optical trapping
of diatomic molecules is in its infancy, our results indicate that access to the ultracold regime
may be possible for several molecular species, with potential applications from quantum
simulation to tests of fundamental symmetries to ultracold chemistry.
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Towards ultracold LiK ground-state molecules
Markus Debatin1, Sambit Bikas Pal 1, Johannes Gambari1, Mun Choong Mark Lam1, Kai
Dieckmann1

Ultracold heteronuclear molecules have seen increasing interest in the scientific community
over the last few years [1]. Due to their large electric dipole moment of 3.6 Debye LiK groundstate molecules are particularly suited to investigate the physics of strongly-interacting dipolar
quantum gases.
In our experiment [2] we create quantum degenerate mixtures of 8x104 Li and 9x104 K atoms.
These are subsequently combined into weakly-bound molecules via Feshbach association
yielding samples of around 3x104 ultracold Feshbach molecules close to quantum degeneracy.
A subsequent ground-state-transfer scheme using coherent stimulated Raman adiabatic
passage (STIRAP) is currently being investigated. Here we present details of our setup and our
transfer scheme. Further we give an update on the current experimental status.
References
[1] M. A. Baranov, M. Dalmonte, G. Pupillo, and P. Zoller, Chem. Rev. 112, 5012-5061 (2012)
[2] A.-C. Voigt, M. Taglieber, L. Costa, T. Aoki, W. Wieser, T. W. Haensch, and K. Dieckmann, Phys. Rev. Lett.
102, 020405 (2009)

Ultracold Mixtures and Molecules

Mo-052

Dual Component 87Rb and 41K Bose-Einstein
condensates in configurable optical potentials
Tyler Neely1, Nicholas McKay-Parry2, Isaac Lenton3, Cezar Harabula4, Jacopo Sabbatini5,
Matthew Davis6, Halina Rubinsztein-Dunlop7
1. School of Mathematics and Physics, University of Queensland, Brisbane St Lucia, QLD 4072 Australia

Multi-component Bose-Einstein condensates (BECs), whether composed of spin mixtures or
different atomic species, present features not seen in single component gases. In particular,
interactions between the components allow for more diverse superfluid behaviour. These
interactions are tuneable via Feschbach resonances, enabling a host of rich behaviour to be
studied [1].
We present our ongoing development of a two-component BEC, consisting of 87Rb and
sympathetically cooled 41K, loaded into configurable optical potentials. By utilising a digital
micromirror device (DMD) and high-resolution imaging system, a wide range of precise 2D
potentials can be created. We propose to first use this system to study the coarsening dynamics
of the miscible-immiscible superfluid transition in a flattened optical trap. Utilising highresolution imaging of the condensates, a study of classical percolation on a DMD-produced
optical lattice will be subsequently undertaken.
References
[1] G. Thalhammer, G. Barontini, L. De Sarlo, J. Catani, F. Minardi, and M. Inguscio, Phys. Rev. Lett. 100, 210402
(2008).
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Mixtures of Bose-Fermi superfluids
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Andrew Grier1, Matthieu Pierce1, Christophe Salomon1
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We report on the observation of a mixture of Bose and Fermi superfluids with dilute gases of
Lithium isotopes [1]. We probe the collective dynamics of this system by exciting center-ofmass oscillations that exhibit extremely low damping below a certain critical velocity. Using
high precision spectroscopy of these low-lying modes we observe coherent energy exchange
and measure the coupling between the two superfluids. Our observation can be captured
theoretically using a sum-rule approach that we interpret in terms of two coupled oscillators.
References
[1] I. Ferrier-Barbut et al., arXiv:1404.2548
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Designing an ultracold Yb-Li mixture with
controllable interactions
Florian Schaefer1, Hideki Konishi1, Shinya Ueda1, Shuta Nakajima1, Yosuke Takasu1, Yoshiro
Takahashi1
1. Department of Physics, Graduate School of Science, Kyoto University, Kyoto 606-8502, Japan

Over the last two decades ultracold atoms proved valuable to investigate basic properties of
many-body physics with an unprecedented degree of control and purity. In recent years
interest shifted to also include systems with impurities, a step towards the simulation of the
more complex processes in real materials. We here present recent experimental progress on a
quantum degenerate atomic mixture of Ytterbium (Yb) and Lithium (Li) [1] to be used for
quantum simulation. Our current efforts are to establish a fine tuned control over the
interspecies interaction via suitable Feshbach Resonances, a standard tool in alkali atoms
experiments. We present a gravity compensated far-off resonant optical trap (FORT) to ensure
good spacial overlap of the large mass-imbalance mixture. To establish controllable
interspecies interactions, we strive to study the properties of predicted Feshbach resonances
[2] between Yb in the excited 3P2 state and Li in the 2S1/2 ground state.
References
[1] H. Hara, Y. Takasu, Y. Yamaoka, J. M. Doyle, and Y. Takahashi, Phys. Rev. Lett. 106, 205304 (2011).
[2] M. L. González-Martínez and J. M. Hutson, Phys. Rev. A 88, 020701 (2013).
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High-Resolution Spectroscopy of Trilobite-Like
States of 85Rb2
Ryan A. Carollo1, Edward E. Eyler1, Phillip L. Gould1, William C. Stwalley1

We present new, high-resolution spectra of low-n trilobite-like states in 85Rb2 . Trilobite states
are novel long-range molecular states consisting of a ground-state atom embedded in the
Rydberg wavefunction of a second atom. We utilize a bound-bound excitation to populate these
states from photoassociated ultracold molecules in high-v levels of the lowest triplet state. The
excitation is stimulated by a frequency-doubled pulse-amplified CW laser for narrow linewidth,
under 200 MHz. Upon excitation, the trilobite-like states rapidly autoionize and are massselectively detected by an ion detector. This technique gives a two orders-of-magnitude
improvement over the previous excitation method, which was done by a broader linewidth
conventional pulsed laser as reported in Ref. [1]. This work is supported by the NSF and
AFOSR.
References
[1] M. A. Bellos et al., Phys. Rev. Lett. 111, 053001 (2013).
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The creation of ultracold RbCs molecules in the
rovibrational ground state
Simon Cornish1, Pete Molony1, Zhonghua Ji1, Phil Gregory1, Bo Lu1, Caroline Blackley2, Ruth
Le Sueur2, Jeremy Hutson2
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Ultracold and quantum degenerate mixtures of two or more atomic species open up many new
research avenues, including the formation of ultracold heteronuclear ground-state molecules
possessing a permanent electric dipole moment. The anisotropic, long range dipole-dipole
interactions between such molecules offer many potential applications [1], including novel
schemes for quantum simulation. Here we demonstrate the creation of ultracold RbCs
molecules in the rovibrational ground state. The molecules are created from a high phase space
density mixture of 87Rb and 133Cs [2] in a two-step process. First weakly bound RbCs molecules
are created using magnetoassociation on an interspecies Feshbach resonance [3]. The
molecules are then optically transferred into the rovibrational ground state of the singlet
potential by stimulated Raman adiabatic passage (STIRAP) following the route outlined in [4].
We report our progress towards measuring the electric dipole moment of the molecules and
subsequently realising a dipolar quantum gas.
References
[1] L. D. Carr, D. DeMille, R. V. Krems and J. Ye, New J. Phys. 11, 055049 (2009).
[2] D. J. McCarron, H. W. Cho, D. L. Jenkin, M. P. Köppinger and S. L. Cornish, Phys. Rev. A 84, 011603 (2011).
[3] M. P. Köppinger, D. J. McCarron, D. L. Jenkin, P. K. Molony, H.-W. Cho, C. R. Le Sueur, C. L. Blackley, J. M.
Hutson and S. L. Cornish, Phys. Rev. A 89, 033604 (2014).
[4] M. Debatin, T. Takekoshi, R. Rameshan, L. Reichsöllner, F. Ferlaino, R. Grimm, R. Vexiau, N. Bouloufa, O.
Dulieu and H.-C. Nägerl, Phys. Chem. Chem. Phys. 13, 18926-18935 (2011).
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Thermalization and progress to degeneracy in a
mixture of rubidium-87 and ytterbium
V. D. Vaidya , C. D. Herold , X. Li, J. Tiamsuphat , S. L. Rolston, J. V. Porto

Sciences Building, College Park, MD 20742

Rubidium-87 has been the workhorse for degenerate gas experiments for over a decade. The
large number of ytterbium isotopes and range of interactions [1],[2] available make it a
promising element for a mixture with rubidium. Here we present studies of thermalization in
an ultracold mixture of rubidium-87 and ytterbium in a two-color optical dipole trap [3]
consisting of a 1064 nm and 532 nm beam. We characterize the properties of our trap and will
describe a possible avenue for creating a degenerate mixture of these two species using a new
“rubidium-blind” cross-dipole trap at 423 nm.
References
[1] Kitagawa et al. PRA 77,012319 (2008)
[2] Borkowski et al. PRA 88, 052708 (2013)
[3] Tassy et al. J. Phys. B 43, 205309 (2010)
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Electron Dynamics and Terahertz Emission in TwoColor Photoionization
Yong Sing You1, Dongwen Zhang2, Ki-Yong Kim1
1. Institute for Research in Electronics and Applied Physics, University of Maryland, College Park, MD.
2. Department of Physics, National University of Defense Technology, Changsha 410073, People’s
Republic of China

Two-color laser photoionization has been widely used as a versatile tool for broadband
terahertz (THz) generation [1-3]. The physics of THz generation is also compelling, raising
fundamental questions about the interaction of strong electromagnetic fields with atoms and
molecules in the nonperturbative regime. Microscopically, THz generation arises from the
evolution of laser-driven electron wavepackets in a strong electric field and their transition
from atomic to plasma states [2-3]. To verify such a microscopic detail, we apply a dichroic
interferometry method to measure the relative phase at the focus. Simultaneously, we observe
electric currents arising in the vicinity of the focus where THz radiation originates. Our results
show that both THz fields and electric currents peak at a relative phase of π/2, consistent with
the semiclassical plasma current model. This indicates that electron-ion scattering does not
significantly affect THz radiation in the tunnel ionization regime.
References
[1] D. J. Cook and R. M. Hochstrasser, Opt. Lett. 25, 1210–1212 (2000).
[2] K. Kim, A. Taylor, J. Glownia, and G. Rodriguez, Nat. Photon. 2, 605 (2008).
[3] D. Zhang, Z. Lü, C. Meng, X. Du, Z. Zhou, Z. Zhao, and J. Yuan, Phys. Rev. Lett. 109, 243002 (2012).
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Electron-Rescattering from Ar and Xe induced by
Intense Laser Filed: Above Threshold Ionization
and Rydberg Excitation
1. Institute of Atomic and Molecular Physics, Jilin University, Changchun 130012, China

Electron-rescattering with ionic core plays a key role in atom-strong-field physics, which may
lead to high-order above threshold ionization (HATI, elastic rescatteing), non-sequential double
ionization (NSDI, inelastic rescatteing), high-order harmonic generation (HHG, radiative
recombination), or even Rydberg excitation. Here, we performed experimental studies on
several rescattering-related processes of Ar and Xe atoms. We observed fine ATI structures in
the 2-D electron momentum, which are dependent on both laser intensity and wavelength
obviously. The results indicate that channel close or resonance effect could be significant in
ATI process. By measuring the yield of neutral Rydbergs as a function of laser intensity, we
observed the “knee” structure in Rydberg excitation, similar as in NSDI but less dependent on
the laser ellipticity, which indicates a “soft-rescattering” in Rydberg excitation. The study could
provide further understanding for the electron-rescattering of atoms in strong laser fields.
*The work supported by National Basic Research Program of China (973 Program) under grant
No. 2013CB922200 and by National Science Foundation of China under grants No. 11034003,
11127403.
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Benchmark H2 few-cycle photoionisation
measurements and laser intensity calibration with
percent-level accuracy
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4. Skobeltsyn Institute of Nuclear Physics, Lomonosov Moscow State University, Moscow 119991, Russia
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Photoionisation of atoms and molecules from intense few-cycle laser pulses is the source of
many strong-field phenomena that have been used to image molecular dynamics [1], probe
electron localization [2] and measure the laser carrier-envelope phase [3]. Correct
experimental observation and interpretation of such highly non-linear effects thus requires
both highly accurate data and knowledge of the laser peak intensity. We present benchmark
photoionisation measurements for molecular hydrogen (H2) that is certified by excellent theoryexperiment agreement for atomic hydrogen (H). Our results in H2 provide an order-ofmagnitude improvement in reference data for simulations of complex strong-field phenomena,
and serves as a stringent test for molecular theories of strong-field ionisation. Building upon
previous work [4], we incorporate our H2 data into an easily accessible technique for
calibrating the laser peak intensity to an accuracy of 3%. This technique can be readily applied
to intensity calibrate almost any few-cycle strong-field experiment.
References
[1] C. I. Blaga et al., Nature 483, 194 (2012).
[2] J. Wu et al., Nature Communications 3, 1113 (2012).
[3] G. G. Paulus et al., Nature 414, 182 (2001).
[4] M. G. Pullen et al., Phys. Rev. A 87, 053411 (2013).
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Ionisation of metastable states of neon using fewcycle light fields
James Calvert1, 2, Adam Palmer2, Han Xu2, Rohan Glover2, Igor Litvinyuk2, David Kielpinski1, 2,

1. ARC Centre of Excellence for Coherent X-Ray Science, Griffith University, Brisbane, Queensland 4111,
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2. Australian Attosecond Science Facility and Centre for Quantum Dynamics, Griffith University,
Brisbane, Queensland 4111 Australia

We present results for experiments involving the ionisation of metastable neon (Ne*) using
ultra-short (sub-6fs) laser pulses. The study of interactions between ultrafast light and matter
is topical due to the broad range of effects that can be observed [1-3]. We utilise a DC
discharge type source to generate Ne* atoms which interact with the laser pulses in a Cold
Target Recoil Imaging Spectroscopy device, which records time of flight and maps the
momentum of Ne ions created in the interaction. We will present ion yields for laser pulses
with intensities ranging from 1013-1015W/cm2 and compare this data to current theories.
References
[1] T. Brabec and F. Krausz, Rev. Mod. Phys. 72, 545 (2000)
[2] A. Rudenko et al, Phys. Rev Lett. 93, 253001 (2004)
[3] M.G. Pullen et al, Phys. Rev. A 87, 053411 (2013)
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Characterisation of intense few-cycle laser pulses
from photo-ionisation of atomic hydrogen
Daniel Wells1, William Wallace2, Michael Pullen2, Dane Laban2, Omair Ghafur2, Robert Sang2,
David Kielpinski2, Harry Quiney1
1. ARC Centre of Excellence for Coherent X-ray Science, University of Melbourne, Melbourne, Victoria,
Australia
2. ARC Centre of Excellence for Coherent X-ray Science, Griffith University, Brisbane, Queensland,
Australia

The photo-electron spectra produced by the interaction of atomic hydrogen with an intense fewcycle laser pulse can provide a useful means of obtaining accurate information about the
incident laser pulse. In particular, comparison of simulated and experimental results allows for
measurements of peak laser intensity – a parameter which is difficult to measure directly, but
which is crucial for evaluating experimental results in strong field physics. These comparisons
require a large number of computationally demanding simulations that are capable of
reproducing photo-electron spectra to arbitrary accuracy. The simulations must be able to
adequately account for pulse-to-pulse variation in the laser field and varying intensity across
the profile of the laser beam. We demonstrate how a single atom photo-electron spectrum is
sensitive to variation in the laser field by comparing simulated spectra for different carrierenvelope phases and intensities. We show that these results give good agreement with
experimental data.
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Strong-field ionization of helium by elliptically
polarized light in attoclock configuration
Igor Ivanov1, Anatoli Kheifets1
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We perform time-dependent calculations of strong-field ionization of He by elliptically polarized
light in configuration of recent attoclock measurements [1]. By solving a 3D time-dependent
Schrödinger equation, we obtain the angular offset Θ of the maximum in the photoelectron
momentum distribution in the polarization plane relative to the position predicted by the strong
field approximation. This offset is used in attoclock measurements to extract the tunneling
time. Our calculations [2] clearly support the set of experimental angular offset values obtained
with the use of non-adiabatic calibration of the in situ field intensity, and disagree with an
alternative set calibrated adiabatically. These findings are in contrast with the conclusions of
Ref. [1],that found a qualitative agreement of semiclassical calculations with the adiabatic set
of experimental data. This controversy may complicate interpretation of the recent atto-clock
measurements [3-4].
References
[1] R. Boge et al, Phys. Rev. Lett. 111, 103003 (2013)
[2] I. A. Ivanov and A.S. Kheifets, Phys. Rev. A 89, 021402(R) (2014)
[3] P. Eckle et al, Science 322, 1525 (2008)
[4] A. Landsman et al, arXiv 1301.2766 (2013)
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Improving conversion efficiency of high harmonic
generation with gas mixtures
Muhammed Sayraç1, Alexandre A. Kolomenskii1, James Strohaber2, Yakup Boran1, Necati Kaya1
, Hans A. Schuessler1
1. Department of Physics & Astronomy, Texas A&M University, College Station TX 77843-4242, USA
2. Department of Physics, Florida A&M University, Tallahassee, Florida 32307, USA

We report an improvement of the conversion efficiency of the fundamental IR light into XUV
high harmonic photons by using mixtures of two gases (H2 and Ne) with significantly different
ionization potentials (IP). The initial high harmonic generation (HHG) takes place in the
component with low IP, inducing excited states and facilitating ionization and HHG in the
component with high IP [1]. We observed up to a 2.5 fold enhancement of HHG compared to
pure H2 and up to 3x103 enhancement compared to pure Ne at moderate laser intensities at the
gas jet ~1.5x1014 W/cm2 . Thus, mixing of gases with low and high ionization potentials opens
up new possibilities for the efficiency enhancement of the HHG process.
This work was supported by the Robert A. Welch Foundation Grant No. A1546 and the Qatar
Foundation under the grant NPRP 5 - 994 - 1 – 172.
References
[1] E. J. Takahashi et al. PRL 99, 053904 (2007).
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The strong-field phenomenon of high-order harmonic generation (HHG) in laser-irradiated
homonuclear diatomic species (H2+, H2) is studied theoretically under conditions
corresponding to intermediate values of the so-called Keldysh parameter (γ ≤ 1). The problem
is addressed within the length-gauge formulation of molecular strong-field approximation (SFA)
[1] complemented with the density-functional-theory (DFT) applied for numerical composition
of initial (laser-free) molecular state using the routines of GAUSSIAN-03 code [2]. Our DFT-SFA
calculation results well reproduce and suggest a pronounced interference-related minimum
arising in high-frequency region of respective molecular HHG spectra that evidently
demonstrate the clear signatures of the field-induced intramolecular interference [3] of strongfield ionization amplitudes corresponding to photoelectron emission from different atomic
centers. In particular, the location of the minimum proved to be very sensitive to the laser
wavelength λ and the angle Θ of molecular axis orientation with respect to the laser field
polarization as well as to internuclear separation R0.
References
[1] M. Lewenstein et al., Phys.Rev. A49, 2117 (1994). [2] M. J. Frisch and J. A. Pople, Gaussian-03, Revision A.1
(Gaussian, Inc., Pittsburgh, PA, 2003). [3] J. Itatani et al., Nature (London), 432, 867 (2004); J. P. Marangos, ibid.
435, 435 (2005); T. Kanai et al., ibid. 435 , 470 (2005).
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Coherent population trapping (CPT) coupled by
magnetic dipole interactions
Hyok Sang Han1, Huidong Kim1, D. Cho1
1. Department of Physics, Korea University, Seoul, Korea

We report our study on CPT driven by magnetic dipole interactions. We consider a Λ system
consisting of a pair of Zeeman sublevels in one hyperfine level and another sublevel in the
other hyperfine level coupled by a pair of radio-frequency fields. We use lithium atoms in an
optical trap for our experimental study. The system allows independent control of the main
parameters characterizing CPT. Moreover, by turning off the applied fields, the system is
frozen so that its quantum state can be measured precisely. We studied the line shapes and
dynamics of the CPT system, and measured the phase relation of the dark superposition state
to find excellent agreement with theory. The possible application of the scheme as a method to
cool optically trapped atoms below the recoil limit in a manner analogous to velocity-selective
coherent population trapping is to be discussed.
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High Conversion Efficiency in the Resonant FourWave Mixing Process
Chin-Yuan Lee1, Bo-Han Wu1, Ite. A Yu1, Gang Wang1, Yong-Fang Chen2
1. Department of Physics and Frontier Research Center on Fundamental and Applied Sciences of
Matters, National Tsing Hua University, Hsinchu 30013, Taiwan
2. Department of Physics,National Cheng Kung University, Tainan 70101,Taiwan

We systematically studied the energy loss and conversion efficiency in four-wave mixing (FWM)
processes. The FWM can be used to convert probe light into signal light with the presence of
the coupling and pump fields experimentally; In order to determine the condition, we design
two specializing FWM systems and find the relationship between system response time and
coupling rising time. Based on this study, we propose a scheme that in the steady state the
input probe can be nearly 100% converted to output signal with negligible energy loss. The
proposed scheme is very useful for the sum frequency generation and can significantly advance
the technology in nonlinear optics.
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Dynamics of strongly interacting photons in
waveguides: a generalized input-output formalism
T. Caneva1, M. Manzoni1, T. Shi2, J. I. Cirac2, D. E. Chang1

(Barcelona), Spain.
2. Max-Planck-Institut fur Quantenoptik, Hans-Kopfermann-Strasse 1, 85748 Garching, Germany.

We present a generalized input-output formalism to describe the propagation of strongly
interacting photons through an atomic ensemble. Standard approaches typically involve
approximations to eliminate the atomic degrees of freedom, to subsequently arrive at a
nonlinear field equation describing the optical modes. On the contrary, we show that, by
effectively integrating out the photonic field, a spin model containing only discrete atomic
degrees of freedom can be obtained. Then by explicitly solving for the atomic dynamics, the
optical fields are reconstructed exactly, including S-matrix and any correlation function. Our
approach to provide a complete description of the system dynamics represents a powerful tool
to explore a wide range of new phenomena in nonlinear quantum optics. We discuss the
formalism in several experimental situations.
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Coherent population trapping in a two field cavityQED system: Semiclassical Theory
Bichen Zou1
1. Florida International University

We calculated the steady state transmission and reflection spectra of coherent population
trapping (CPT) in a two field cavity-QED system consisting of few to many three-level atoms
coupled with two longitudinal modes of an optical cavity. In this scheme, both the probe beam
and the coupling beam have comparable intensities and are coupled into the same cavity,
driving corresponding intra-cavity field. Results are presented with different coupling beam
detuning under different atom number and light intensities. Meanwhile we discussed the
conditions required to realize two field intra-cavity CPT. We also find that small cavity detuning
has little influence to the presence of CPT, which renders the system feasible in experimental
realization with current technology.
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Coherent coupling of hybrid alkali vapor through
spin-exchange collisions
Or Katz1, 2, Or Peleg2, Ofer Firstenberg1
1. Department of Physics of Complex Systems, Weizmann Institute of Science, Rehovot 76100, Israel
2. RAFAEL, Science Center, Rafael Ltd., Haifa 31021, Israel
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Spin-exchange collisions are a major decoherence process in warm alkali vapor, as they induce
random transitions between the hyperfine levels. However, at very low magnetic fields, the
evolution of a spin-polarized ensemble effectively becomes spin-exchange relaxation-free
(SERF) [1]. Here we study experimentally and theoretically a hybrid system of two alkali
species, in which one specie inherits the magnetic properties of the other. We demonstrate that
spin-exchange collisions induce a transfer of coherence between potassium and rubidium at
low magnetic fields. We show that the potassium atoms inherit the gyromagnetic ratio and the
life time (T1) of the rubidium atoms. As a result, the elimination of spin-exchange relaxation for
the potassium atoms survives up to a much higher magnetic field threshold, corresponding to
the rubidium’s threshold. We explain these phenomena analytically by the hybridization of the
two species via the spin-exchange interaction.
References
[1] W. Happer and H. Tang, Phys. Rev. Lett. 31, 273 (1973)
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Observation of Paired Superradiance
Satoshi Uetake1, for the SPAN Collaboration
1. Graduate School of Natural Science and Technology, Okayama University

A single photon (E1) emission rate is greatly enhanced by using a material coherence. This
phenomenon is known as "Superradiance". The enhancement of the emission rate is
proportional to N2, where N is a number density of atomic ensemble. A two-photon emission
rate from metastable state of atoms/molecules may also be greatly enhanced by use of such
"macroscopic coherence". We proposed this macro-coherent enhanced two-photon emission
process as "paired superradiance" [1]. Similar proposal of effective parametric downconversion was proposed by Harris [2]. However, to our knowledge, there is no experimental
demonstration of paired superradiance so far.
In this poster, we report the observation of paired superradiance. We prepared a large
coherence between ground and vibrational excited state of para hydrogen molecules by
adiabatic Raman process; and observed two-photon emission from excited state. About 1019
enhancement of emission rate is obtained. Updated results and detailed analysis will be
presented.
References
[1] M. Yoshimura et al., Phys. Rev. A 86, 013812 (2012)
[2] S. E. Harris, Opt. Lett. 22, 636 (1997)
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Cavity QED in the Recoil Resolved Regime
Jens Klinder1, Hans Keßler2, Matthias Wolke3, Andreas Hemmerich4

We are experimentally exploring the light matter interaction of a Bose-Einstein condensate
with a high finesse optical standing wave cavity with a Purcell factor far above unity. The
unique feature of our cavity is its extremely small linewidth comparable to the single photon
recoil frequency. As a consequence, cavity assisted scattering can only occur in a narrow
resonance window such that only very few selected motional states are coupled. We discuss
recent experiments showing sub-recoil cavity cooling [1], extreme non-linear collective
behavior, like optomechanical hysteresis and bistability [2], and superradiance - or selforganization instabilities related to the Hepp-Lieb-Dicke phase transition.
References
[1] M. Wolke, J. Klinner, H. Keßler, and A. Hemmerich, Science 337, 75 (2012)
[2] H. Keßler, J. Klinder, M. Wolke, and A. Hemmerich, New Journal of Physics 16, 053008 (2014)
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Nonequilibrium phase transitions in periodicallydriven cavity QED systems
Takashi Mori, Tatsuhiko Shirai, Seiji Miyashita
1. Department of Physics, Graduate School of Science, The University of Tokyo, Bunkyo-ku, Tokyo 1130033, Japan

Ensemble of atoms confined in an optical cavity displays several collective phenomena. In
equilibrium, the system exhibits the Dicke transition associated with the symmetry breaking.
Under the time-periodic driving such as laser irradiation, it is known that the system shows the
optical bistability and undergoes the discontinuous transition without the symmetry breaking.
Here we report our theoretical discovery on the new kind of phase transitions with symmetry
breaking in the ultra-strong coupling and driving regime [1]. We argue that these transitions
are understood by the concept of coherent destruction of tunneling, which is a simple quantum
interference effect under the time-dependent external field.
We will also discuss about the effect of finite system size by performing the 1/N expansion.
References
[1] Tatsuhiko Shirai, Takashi Mori, and Seiji Miyashita, J. Phys. B: At. Mol. Opt. Phys. 47, 025501 (2014)
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Strong atom-light interactions in 1D photonic
crystals
A. Goban1, 3, A. C. McClung1, 3, C. -L. Hung1, 3, S. -P. Yu1, 3, J. D. Hood1, 3, J. A. Muniz1, 3, 5, J. H.
Lee1, 3, M. J. Martin1, 3, K. S. Choi4, D. E. Chang5, O. Painter2, 3, H. Jeff Kimble1, 3
1. Norman Bridge Laboratory of Physics 12-33, California Institute of Technology, Pasadena, CA 91125,
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2. Thomas J. Watson, Sr., Laboratory of Applied Physics 128-95, California Institute of Technology,
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3. Institute for Quantum Information and Matter, California Institute of Technology, Pasadena, CA 91125,
USA
4. Spin Convergence Research Center 39-1, Korea Institute of Science and Technology, Seoul 136-791,
Korea
5. ICFO - Institut de Ciencies Fotoniques, Mediterranean Technology Park, 08860 Castelldefels
(Barcelona), Spain

Nano- and microscale optical systems have shown great progress towards realizing efficient
and scalable quantum interfaces through enhanced atom-field coupling in both resonators and
waveguides [1]. Beyond these conventional topologies, new opportunities emerge from the
integration of cold atoms with nanoscale photonic crystal devices. In photonic crystal
waveguides (PCW), light-matter interaction can be engineered for both trapping and strong
atom-photon interactions [2], enabling exploration of novel quantum transport, quantum manybody phenomena, and Casimir-Polder forces [2-4]. We have developed an integrated optical
circuit with a PCW capable of both localizing and interfacing atoms with guided photons. From
reflection spectra measured with average atom number of 1.1 (0.4), we infer the fraction of
single-atom radiative decay into the PCW to be Γ1D/Γ’ = 0.32 (0.08), where Γ1D (Γ’) is the
atomic spontaneous emission rate into the guided (all other) mode (s) [5]. We discuss progress
towards trapping atoms within the PCW, which should enable a regime where Γ1D/Γ’~10.
References
[1] K. J. Vahala, Nature 424, 839-846 (2003).
[2] C.-L. Hung, S.M. Meenehan, D. E. Chang, O. Painter, and H. J. Kimble, New J. Phys. 15, 083026 (2013).
[3] J. S. Douglas, H. Habibian, A. V. Gorshkov, H. J. Kimble, and D. E. Chang, arXiv:1312.2435 (2013).
[4] D. E. Chang, K. Sinha, J. M. Taylor, and H. J. Kimble, arXiv:1310.5970 (2013).
[5] A. Goban*, C.-L. Hung*, S.-P. Yu*, J. D. Hood*, J. A. Muniz*, J. H. Lee, M. J. Martin, A. C. McClung, K. S. Choi,
D. E. Chang, O. Painter, and H. J. Kimble, Nature Communication 5 3808 (2014).
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Crossover from Lasing to Photon Bose-Einstein
condensation by Photon Gas Thermalization
Julian Schmitt1, Tobias Damm1, David Dung1, Frank Vewinger1, Jan Klaers1, Martin Weitz1

Thermal equilibrium is the condition most frequently found in cold gases and solid-state
physics. In general however, driving and loss can force a system away from equilibrium. A
prominent example for the emergence of an ordered state in nonequilibrium physics is the
laser, where one engineers photon loss inside a cavity to achieve a large population of the
desired optical modes. Interestingly, such an ordered photon state is also achieved with a
thermal equilibrium phase transition, by Bose-Einstein condensation. We report the
observation of a crossover between a lasing state and a photon condensate in a dye microcavity
by in-situ monitoring the photon dynamics. When thermalization to the dye temperature by
absorption and re-emission of photons is faster than their loss, photons accumulate at low
energy states near the cavity cutoff and form a Bose-Einstein condensate. In contrast, when
photons leave the cavity before they thermalize, the system remains in e.g. a mode-locked laser
state.
References
[1] Klaers et al., Nature 468, 545 (2010)
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Fiber cavity-based photon-ion interfaces
R. Maiwald1, H. M. Meyer1, 2, M. Steiner2, T. Ballance1, 2, L. Carcagnì1, 2, J. M. Silver1, 2, M. Köhl
1, 2

1. Physikalisches Institut, University of Bonn, Germany
2. Cavendish Laboratory, University of Cambridge, UK

Strong light-matter interaction is a key ingredient for a number of linked quantum system
applications, such as entanglement distribution, quantum simulation, and distributed quantum
computing. Our approach to this research area combines fiber-based cavities with ion traps [1],
aiming to capitalize on both the benefits of high-finesse cavities and the established quantum
control of trapped atomic ions. For this we trap Yb-ions in specialized Paul-type ion traps that
address the challenges of tightly placed dielectric materials close to the ion, while keeping
scalability of the system as a major design goal in mind. The poster will present our recent
progress in using these systems as intrinsically fiber-coupled efficient single photon sources.
We show polarization-spin state correlation and polarization dependent absorption
demonstrating the feasibility of using our system as quantum network node.
References
[1] M. Steiner, H. M. Meyer, C. Deutsch, J. Reichel, and M. Köhl, Phys. Rev. Lett. 110, 043003 (2013)
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Building a hybrid quantum system of neutral
atoms coupled to a superconducting circuit
J. A. Grover1, P. Solano1, J. E. Hoffman1, K. D. Voigt1, J. Lee1, J. B. Hertzberg1, J. R. Anderson1,
C. J. Lobb1, L. A. Orozco1, S. L. Rolston1, F. C. Wellstood1
1. Joint Quantum Institute, NIST and Department of Physics, University of Maryland, College Park
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One avenue for creating hybrid quantum systems is the coupling of a neutral atomic ensemble
to superconducting circuits via a magnetic dipole transition. Here we present progress towards
trapping cold rubidium atoms within 10 micrometers of a superconducting circuit using a
cryogenically-compatible atom trap and a tunable, light-insensitive, high-Q superconducting
resonator. Evanescent fields around an optical nanofiber with 99.95% transmission form an
atom trap suitable for a 10 mK dilution refrigerator. We systematically study how low levels of
optical light scattered from a tapered fiber positioned near the superconducting resonator
affect its linewidth and frequency.
Work supported by NSF, the Atomtronics MURI, and the PFC at JQI.

Quantum Optics and Cavity QED

Mo-078

Atom induced cavities and tunable long-range
interactions between atoms trapped near photonic
crystals
J. S. Douglas1, H. Habibian1, A. V. Gorshkov2, H. J. Kimble3, D. E. Chang1
1. ICFO-Institut de Ciencies Fotoniques, 08860 Castelldefels, Barcelona, Spain
2. Joint Quantum Institute, NIST/University of Maryland, College Park, Maryland 20742, USA
3. Norman Bridge Laboratory of Physics 12-33, California Institute of Technology, Pasadena, California
91125, USA

The use of cold atoms to simulate strongly interacting quantum systems is rapidly progressing.
However, achieving tunable, coherent, long-range interactions between atoms is challenging,
leaving a large class of models inaccessible to quantum simulation. We propose a solution
exploiting the powerful new platform of cold atoms trapped near nano-photonic systems. We
show that atoms trapped near photonic crystals act as dielectric elements that seed localized
cavity modes around each atom. In a dynamic form of 'all-atomic' cavity QED, the length of
these cavity modes can be tuned, and atoms separated by the order of the effective cavity
length can interact coherently with each other. Considering realistic conditions such as
fabrication disorder and photon losses, coherent long-range potentials or spin interactions can
be dominant in the system over length scales up to hundreds of optical wavelengths. These
systems may be used to study long-range interactions in many-body atomic systems as well as
to realize effective long-range interactions between photons for non-local, non-linear optics.
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2-D spectrum of an optical microcavity coupled to
a few atoms
Y.-H. Lien1, M. Everett1, M. Mergenthaler1, J. Kenner1, A. Ratnapala1, M. Trupke1, 2, J. Goldwin
E. A. Hinds1

1. Centre for Cold Matter, Imperial College London, Prince Consort Road, London SW7 2BW, United
Kingdom
2. Present address: Vienna Center for Quantum Science and Technology, Atominstitut, TU Wien, 1020
Vienna, Austria
3. Permanent address: School of Physics and Astronomy, University of Birmingham, Edgbaston,
Birmingham B15 2TT, UK

Past studies [1, 2] have demonstrated a fibre-coupled optical microcavity for high-cooperativity
cavity quantum electrodynamics in the fast the cavity regime, where κ > g > γ (κ is cavity
decay rate, g is atom-cavity coupling, γ is atom decay rate) and g2 > κ*γ. To complete the
understanding of such systems, we have measured the 2-D spectrum that covers both atomlaser detuning and cavity-laser detuning, observed both in reflection from the cavity and in
fluorescence from the atom excited through the side of the cavity. Although the coupled atomcavity system is not in the strong coupling regime, we observe a strong dispersive splitting in
the 2-D reflection spectrum and not in the fluorescence spectrum.
The experiment comprises a 87Rb Magneto-optical trap (MOT) and a microcavity, which is
formed between a micro-spherical-mirror array chip and a plane mirror-coated fibre tip. The 87
Rb atoms are trapped, cooled and pushed into the microcavity, which is locked to a stable
single frequency laser, whose frequency is simultaneously monitored by a wavemeter with 100
MHz precision. As the atoms enter, they are pumped either through the fibre or transversely
through the side of the cavity. The 2-D spectra are measured by scanning both pump laser and
cavity resonance frequency. The measured spectra are compared with a theoretical model,
which allows us to understand why the reflection spectrum exhibits anticrossing, while the
fluorescence spectrum does not.
References
[1] M. Trupke, J. Goldwin, B. Darquie, G. Dutier, S. Eriksson, J. Ashmore, and E. A. Hinds, Phys. Rev. Lett. 99,
063601 (2007).
[2] J. Goldwin, M. Trupke, J. Kenner, A. Ratnapala, and E. A. Hinds, Nat. Commun. 2, 418 (2011).
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Graphene plasmons quality factors
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Plasmons in graphene hold great potential for applications since they enable strong
confinement of electromagnetic energy at subwavelength scales [1]. This confinement results
in strong light-matter interaction at the single photon level, like the high decay rates and
vacuum Rabi splittings of quantum emitters in the proximity of the graphene sheet [2].
However all of these exciting effects depend on the quality factors of plasmons. Since they live
in a complicated solid state environment, there are numerous excitations that can reduce the
quality factors. In my poster I will present our work on the various scattering mechanisms and
plasmon damping. Particularly I will focus on the interaction of plasmon with optical phonons,
since this process gives an intrinsic limit on the plasmon quality factor at infra-red frequencies
[1]. Moreover I will discuss a screening effect on the optical scattering rates for charge
impurity scattering and surface polar phonon scattering [3].
References
[1] M. Jablan, H. Buljan, M. Soljacic, Phys. Rev. B 80, 245435 (2009).
[2] F. H. L. Koppens, D. E. Chang, F. J. Garcia de Abajo, Nano. Lett. 11, 3370 (2011).
[3] M. Jablan, M. Soljačić, H. Buljan, Phys. Rev. B 89, 085415 (2014).
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Single-photon second-order nonlinear processes in
graphene
Marco T. Manzoni1, Iván Silveiro1, F. Javier García de Abajo1, 2, Darrick E. Chang1
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Intense efforts have been made in recent years to realize nonlinear optical interactions at the
single-photon level. Much of this work has focused on achieving strong third-order
nonlinearities, such as by using single atoms or other quantum emitters, while the possibility of
achieving strong second-order nonlinearities remains unexplored. Here, we describe a novel
technique to realize such nonlinearities using graphene, exploiting the strong per-photon fields
associated with tightly confined graphene plasmons in combination with spatially non-local
nonlinear optical interactions. Under realistic conditions, we show that the interactions are
strong enough to observe the generation of non-classical light and allow near-deterministic
down-conversion of a single plasmon into an entangled plasmon pair.

114

Quantum Optics and Cavity QED

Mo-082

Room temperature coherent population trapping
with nuclear spins in diamond
Pierre Jamonneau1, Gabriel Hetet1, Vincent Jacques1

Nuclear spins are attractive candidates for solid-state quantum information storage and
processing owing to their extremely long coherence time [1]. However, since this appealing
property results from a high level of isolation from the magnetic environment, it remains a
challenging task to polarize, manipulate and readout individual nuclear spins [2].
In this work, we show room temperature coherent population trapping with nuclear spins in
diamond using single nitrogen-vacancy defect. We investigate sequential building of the dark
state and we use this effect to demonstrate a polarization process of nuclear spins. This
mechanism, which operates in the microwave domain, could find applications in solid-state
quantum information and in micro-wave photon storage.
References
[1] T. D. Ladd, et al. Nature (London) 464, 45 (2010).
[2] E. Togan, et al. Nature (London) 478, 497 (2011).

115

MONDAY

1. Laboratoire Aimé Cotton, CNRS UPR 3321 and Université Paris-Sud, 91405 Orsay, France

Quantum Optics and Cavity QED

Mo-083

Coherent spin control of a nanocavity-enhanced
qubit in diamond
Edward Chen1, 5, Luozhou Li1, 5, Tim Schröder1, 5, Michael Walsh1, Igal Bayn1, Jordan Goldstein1
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A central aim of quantum information processing is the efficient entanglement of multiple
stationary quantum memories via photons [1-3]. Among solid-state systems, the nitrogenvacancy (NV) centre in diamond has emerged as an excellent optically addressable memory
with second-scale electron spin coherence times [4,5]. Recently, quantum entanglement and
teleportation have been shown between two NV-memories [6–8], but scaling to larger networks
requires more efficient spin-photon interfaces such as optical resonators [9]. Here, we
demonstrate such NV-nanocavity systems with optical quality factors approaching 10,000 and
elec- tron spin coherence times exceeding 200 μs using a silicon hard-mask fabrication process.
The on-chip integration of our system with microwave circuits for coherent spin control
provides a compact architecture for quantum repeaters [10], spin-based microprocessors [11],
and quantum networks [12].
References
[1] Cirac, J. I., Zoller, P., Kimble, H. J. & Mabuchi, H. Phys. Rev. Lett. 78, 3221–24 (1997).
[2] Kimble, H. J. Nature 453, 1023–1030 (2008).
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[11] Awschalom, D. D., Bassett, L. C., Dzurak, A. S., Hu, E. L. & Petta, J. R. Science 339, 1174–1179 (2013).
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Size-dependence of radiation power thermally
emitted from a microparticle
Maki Tachikawa1, Hitoshi Odashima1, Kosuke Nagase1, Toru Ehara1, Hiroshi Sonoda1

Although Planck’s law of blackbody radiation well describes spectral profiles of thermal
radiation from macroscopic objects, it remains an open question if Planck’s formula applies to
particles of size comparable to optical wavelengths. Our laser-trapping technique spacially and
thermally isolates a high-temperature particle in the Mie regime, and enables emission
spectroscopy of the single particle [1]. Thermal radiation spectrum from a dielectric
microsphere exhibits sharp resonances with whispering gallery modes of the spherical
resonator. Measurements of the mode spacing provide precise data of the particle size and
size-dependence of the emission spectra. Total radiation power emitted from a macroscopic
object linearly depends on its surface area. In contrast, our analysis of the microparticles
reveals cubic dependence of the emission power on the particle size, showing a micron-sized
dielectric particle is a volume emitter where not only its surface but atoms inside contribute to
the thermal radiation.
References
[1] H. Odashima, M. Tachikawa, and K. Takehiro, “Mode-selective thermal radiation from a microparticle”, Phys.
Rev. A 80, 041806(R) (2009).
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Experimental Realization of Environment Assisted
Speed Up of the Quantum State Evolution in the
Open Quantum System
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Manipulation of the quantum speed of the state evolution is important in quantum information
and quantum engineering. We have experimentally measured the quantum speed of the state
evolution in the open quantum system (optical cavity QED system) under weak driving. We
consider the system the mode of the electromagnetic field with a preferential coupling to a
tunable environment: the atoms. By controlling the environment, i.e. changing the number of
atoms coupled to the optical cavity mode, we can experimentally realize the environment
assisted speed up of the quantum state evolution in the optical cavity. And our result
demonstrates that the quantum speed of the state re-population in the optical cavity increases,
as the interaction between the optical cavity mode and the environment (the number of atoms)
increases. Work is supported by NSF.
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Modal decomposition and control of higher-order
modes in silica nanofibers
Fredrik K. Fatemi1, Jonathan E. Hoffman2, Guy Beadie1, Steven L. Rolston2, Luis A. Orozco2
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Atoms confined in optical nanofiber evanescent-field traps experience strong coupling to
photons propagating through the fiber. This strong coupling is ideal for quantum technologies
and sensors. Strong atom-photon interactions have been demonstrated in fibers with
submicron diameters, small enough to admit only the HE11 mode. Higher-order vector modes
open another set of trapping geometries in fibers with diameters above the HE11 cutoff value.
We have previously achieved 97% transmission of the first excited mode family, which contains
the TE01, TM01, and HE21 modes, but due to their near degeneracy, excitation of a pure mode
within this family in the nanofiber waist is challenging. In this work, we discuss techniques to
measure mode purity through modal decomposition of the output field and analysis of Rayleigh
scattering in the waist. This work was funded by ONR, the ARO Atomtronics MURI, DARPA,
and the NSF through the PFC at JQI.
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Entanglement Generation in a Multi-Qubit System
Coupled to Heat Bath
Saeed Pegahan1
1. Southern Illinois University Carbondale

The entanglement generation in a multi-qubit system interacting with heat bath and an
external local magnetic field is investigated in the framework of the master equation. The timeevolution for the most general density matrix of the multi-qubit system is obtained and solved.
It is shown that the two-qubit system ends up in an entangled stationary state independent on
the initial separable state.
References
S. Pegahan, M. Soltani, F. Kheirandish, Int. J. Theor. Phys. 52, 12 (2013).
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Quantum storage based on the control field
angular scanning
Xiwen Zhang1, Alexey Kalachev1, 2, Olga Kocharovskaya1
1. Department of Physics and Astronomy and Institute for Quantum Studies, Texas A&M University,
College Station, Texas 77843-4242, USA
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2. Zavoisky Physical-Technical Institute of the Russian Academy of Sciences, Sibirsky Trakt 10/7, Kazan,
420029, Russia

Continuous change of the propagation direction of a classical control field in the process of its
off-resonant Raman interaction with a weak signal field in a three-level atomic medium is
suggested for quantum storage of a single-photon wave packet. It is shown that due to the
phase matching condition such an angular control allows one to reversibly map the singlephoton wave packet to the Raman spatial coherence grating. Thus, quantum storage and
retrieval can be realized without using inhomogeneous broadening of the atomic transitions or
manipulating the amplitude of the control field. Under some conditions the proposed scheme
proves to be mathematically analogous to the quantum storage scheme based on controlled
reversible inhomogeneous broadening of the atomic states [1].
References
[1] X. Zhang, A. Kalachev, Phys. Rev. A 87, 013811 (2013).
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Time-Continuous Bell Measurements
Denis Vasilyev1, Sebastian Hofer2, Klemens Hammerer1
1. ITP, AEI, Leibniz University Hannover, Germany
2. VCQ, University of Vienna, Austria

We combine the concept of Bell measurements, in which two systems are projected into a
maximally entangled state, with the concept of continuous measurements, which concerns the
evolution of a continuously monitored quantum system. For such time-continuous Bell
measurements we derive the corresponding stochastic Schrödinger equations, as well as the
unconditional feedback master equations [1]. Our results apply to a wide range of physical
systems, and are easily adapted to describe an arbitrary number of systems and measurements.
Time-continuous Bell measurements therefore provide a versatile tool for the control of
complex quantum systems and networks. As examples we show that (i) two two-level systems
can be deterministically entangled via homodyne detection, tolerating photon loss up to 50%,
and (ii) a quantum state of light can be continuously teleported to a mechanical oscillator,
which works under the same conditions as are required for optomechanical ground-state
cooling.
References
[1] S. G. Hofer, D. V. Vasilyev, M. Aspelmeyer, and K. Hammerer, Phys. Rev. Lett. 111, 170404 (2013).
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A Monte Carlo wavefunction method for
semiclassical simulations of spin-position
entanglement
1. Monash University, Melbourne, Australia

Many simulations of atoms are semiclassical: they simulate the internal state of atoms quantum
mechanically, but positions and momenta classically. Laser cooling, for example is simulated in
this way. However a conflict arises when the force on an atom depends on its internal state.
Actual atoms in a superposition of spin states in a magnetic field gradient, for example would
move in multiple directions, resulting in spin-position entanglement, which can't be modelled
semiclassically.
I describe a Monte Carlo wavefunction method that resolves this conflict by considering the
resulting entanglement to be a quantum measurement, and using decoherence to include it as
a probabilistic jumping between different spin states of the atom as it follows only one classical
trajectory through space.
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Individual Addressing of Trapped Ions with MEMSbased Beam Steering
Stephen Crain1, Emily Mount1, So-Young Baek1, Jungsang Kim1
1. Electrical and Computer Engineering Department, Duke University, Durham, North Carolina 27708,
USA

Scalability is one of the major challenges of trapped ion based quantum computation, mainly
limited by the ability to manipulate an increasing number of qubits. For individual addressing
of qubits, microelectromechanical systems (MEMS) technology allows one to design movable
micromirrors to focus laser beams on individual ions and steer the focal point in two
dimensions [1]. This system provides low optical loss across a broad wavelength range and can
scale to multiple beams.
Using a microfabricated surface trap from Sandia National Laboratories we trap chains of 171Yb
+ ions. Using MEMS mirrors, we perform single qubit gates on individual 171Yb+ ions in a chain
with Raman transitions driven by stabilized frequency combs [2]. Using this setup, we
sequentially perform single qubit gates on multiple qubits and characterize gate performance
using quantum state tomography. Our system features negligible crosstalk to neighboring
ions, and switching speed comparable to typical single-qubit gate times.
References
[1] C. Kim et al, IEEE J. Sel. Topics Quantum Electron. 13, 2 (2007)
[2] E. Mount et al, New J. Phys. 15, 093018 (2013)
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Quasiparticle engineering and entanglement
propagation in a quantum many-body system
Cornelius Hempel1, 3, Petar Jurcevic1, 3, Ben Lanyon1, 3, Philipp Hauke1, 2, Christine Maier1, 3,
Peter Zoller1, 2, Rainer Blatt1, 3, Christian Roos1, 3
1. Institute for Quantum Optics and Quantum Information, Austrian Academy of Sciences, Technikerstr.
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3. Institute for Experimental Physics, University of Innsbruck, Technikerstr. 25, 6020 Innsbruck, Austria

The key to explaining and controlling a range of quantum phenomena is to study how
information propagates around many-body systems. Quantum dynamics can be described by
particle-like carriers of information that emerge in the collective behaviour of the underlying
system, so called quasiparticles. Here, we experimentally study quasiparticle dynamics
observed in a quantum many-body system of up to 20 trapped atomic ions with a tunable
interaction range. Making use of a tightly focused laser beam to address individual ions and
single-ion resolved imaging, we investigate and characterize the propagation of entanglement
distributed by specifically engineered quasiparticles in different experimental regimes [1]. We
further perform quantum state tomography of subsets of the full chain in order to investigate
the possibility of an efficient representation of the full quantum state using matrix product
states and -operators [2,3].
References
[1] P. Jurcevic et al., Nature, to be published; arXiv:1401.5387 (2014).
[2] M. Cramer et al, Nat. Comm. 1, 149 (2010).
[3] T. Baumgratz et al, PRL 111, 020401 (2013).
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Femtosecond Ramsey interferometry for atomic
qubit state measurement
Han-Gyeol Lee1, Jongseok Lim2, Jaewook Ahn1

Experimental demonstration of ultrafast optical implementation of all three angular rotations (x, y-, and z-rotations) of single qubits composed electronic states of cold rubidium atoms is
presented. The spatial confinement of cold rubidium (Rb) atoms in a magneto-optical trap has
enabled uniform nonlinear interaction of ultrafast lasers with the atomic ensemble, or highfidelity Rabi oscillations. Aside from the usual Bloch sphere rotation about x-axis to say, the
other two angular rotations are constructed, respectively, by carrier-envelope phase control
and far-off resonant strong-dispersive interaction. All the interactions are induced by shaped
ultrafast laser pulses, permitting operations on a sub-picosecond time scale or at terahertz
speeds. For the phase evolution measurement of the Bloch vector, we used laser-pulse shaping
technique to facilitate femtosecond Ramsey interferometry.
References
[1] J. Lim, H. Lee, S. Lee, C. Y. Park, and J. Ahn, preprint (2014).
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Quantum Simulation of Unphysical operation with
a Trapped Ion
Xiang Zhang1, Shenyang Chao1, Junhua Zhang1, Jorge Casanova2, Lucas Lamata2, Enrique
Solano2, Man-Hong Yung1, Jing-Ning Zhang1, Kihwan Kim1
1. Center for Quantum Information, Institute for Interdisciplinary Information Sciences, Tsinghua
University, Beijing, China
2. Department of Physical Chemistry, University of the Basque Country UPV/EHU, Bilbao, Spain

We report on the experimental quantum simulation of unphysical symmetry operations such as
complex conjugation, charge conjugation and time reversal with a trapped ion [1]. In
particular, we focus on anti-unitary operations in the context of Majorana Equation. Generally,
quantum operation is unitary and it is considered to be impossible to implement an anti-unitary
operation in quantum system. We experimentally study the interesting various phenomena in
Majorana equation with a single 171^Yb^{+} ion in an enlarged Hilbert space based on the
proposal in Ref [1]. Quantum simulation may eventually provide a solution to a certain complex
problem that is intractable with classical computation. In our study, we explore the other
aspect of quantum simulation, where it brings purely theoretical or imaginary concepts to the
table top experiment.
This work was supported in part by the National Basic Research Program of China Grant
2011CBA00300, 2011CBA00301, the National Natural Science Foundation of China Grant
61033001, 61061130540. KK acknowledge the support from the recruitment program of global
youth experts.
References
[1] J. Casanova, et al., Phys. Rev. X, 1, 021018 (2011).
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Propagation of information in long-range
interacting quantum lattice system.
Zhexuan Gong1, Michael Foss-Feig1, Spyridon Michalakis2, Alexey Gorshkov1

USA

Propagation of information in short-range interacting systems is restricted to within a linear
"light cone", as proven by the well-known Lieb-Robinson bound, thus ensuring a well defined
notion of locality. Whether long-ranged interactions can lead to a different shape of this light
cone, and the breakdown of the associated notion of locality, is an important but largely
unexplored question. We will present our theoretical progress towards a complete
understanding of locality in long-range interacting systems, and especially how, as the
interaction range shrinks, locality is recovered [1].
References
[1] Z.-X. Gong, M. Foss-Feig, S. Michalakis, and A. Gorshkov, arxiv:1401.6174.
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Single phonon addition to thermal mechanical
motion of trapped ion
Lukáš Slodička1, Petr Marek1, Radek Šmíd2, Ondřej Číp2, Radim Filip1
1. Department of Optics, Palacký University, 17. listopadu 12, 77146 Olomouc, Czech Republic
2. Institute of Scientific Instruments of AS CR, Královopolská 147, 612 64 Brno, Czech Republic

We propose schemes for generation of nonclassical motional states of a single trapped ion and
present our progress towards realization of ion trapping apparatus for their experimental tests.
We analyze dynamics of red and blue-detuned spin-oscillator couplings and conditional
operations of phonon subtraction and addition to the thermal state of motion. We provide
estimations of observability of negative Wigner distribution in realistic experimental conditions.
By driving initially excited two-level system coupled to a harmonic oscillator on a blue motional
sideband and realizing projective measurement on the electronic ground state, a single
excitation can be added to the state of the oscillator. Motional state becomes highly
nonclassical even for initially thermal distribution and for imperfect projective measurements,
which is demonstrated by large negative values of the Wigner function.
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Quantum Computing with Ba and Yb Ion Chain
Zichao Zhou1, Richard Graham2, John Wright3, Tomasz Sakrejda4, Chen-Kuan Chou5, Tom
Noel6, Carolyn Auchter7, Boris Blinov8
1. Department of Physics, University of Washington
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Building a quantum computer requires individual addressing and coherently controlling qubits.
Benefiting from long lived internal states and motional states, trapped ions are very good
candidates for quantum computing and quantum information tasks. The ion chain with different
species, reducing the crosstalk between ions, may improve the fidelity of quantum operations.
Using high intensity, ultrafast laser pulse to manipulate the quantum states, the speed of
quantum computing can be significantly increased. In our experiments, we trap mixed Ba/Yb
ion chains in linear ion traps (macroscopic and chip-scale microfabricated), to realize basic
quantum operations.
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Ultrafast entanglement of trapped ions
Brian Neyenhuis1, Kale Johnson1, Jonathan Mizrahi1, David Wong-Campos1, Christopher Monroe1
1. Joint Quantum Institute, University of Maryland Department of Physics and National Institute of
Standards and Technology, College Park, Maryland 20742

We have demonstrated ultrafast spin-motion entanglement of a single atomic ion using a short
train of intense laser pulses. This pulse train gives the ion a spin-dependent kick where each
spin state receives a discrete momentum kick in opposite directions. Using a series of these
spin-dependent kicks we can realize a two qubit gate. In contrast to gates using
spectroscopically resolved motional sidebands, these gates may be performed faster than the
trap oscillation period, making them potentially less sensitive to noise. Additionally this gate is
temperature insensitive and does not require the ions to be cooled to the Lamb-Dicke limit. We
show that multiple kicks can be strung together to create a ``Schrodinger cat'' like state,
where the large separation between the two parts of the wavepacket allow us to accumulate
the phase shift necessary for a gate in a shorter amount of time. We will present a realistic
pulse scheme for a two ion gate, and our progress towards its realization.
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Population transfer collisions involving nD Rydberg
atoms in a CO2 optical dipole trap
Jorge Kondo1, Luis Felipe Gonçalves1, Luis Gustavo Marcassa1, Jonathan Tallant1
1. University of São Paulo, Instituto de Física de São Carlos

There has been an increasing interest in cold Rydberg atoms over the last several years. The
primary reason for this attention is that interactions between Rydberg atoms are strong and
lead to many interesting and useful phenomena, which require high atomic density samples. In
this work, we have loaded Rb atoms into a CO2 optical dipole trap. After the loading, we turn
off the dipole trap and excite the Rydberg state using a combination of two cw laser beams at
780 nm and 480 nm respectively. Finally, the Rydberg atoms are detected using pulsed field
ionization technique. By analyzing the electrons signal, we can study the population transfer
from the nD state to the (n+2)P as a function of the atomic density for 37≤n≤ 45. As the atomic
density increases, the excitation of the nD state saturates, suggesting the occurrence of dipole
blockade. Nevertheless, the (n+2)P is quadratically proportional to the nD population. We have
also investigated the role of a dc electrical field in such process. This work was supported by
Fapesp and INCT-IQ.
References
[1]J. S. Cabral;J. M.Kondo; L. F. Gonçalves; L. G. Marcassa; D. Booth; J. Tallant and J. P. Shaffer. New Journal of
Physics,12,n. 8, p. 093023( 2010).
[2]J. S. Cabral;J. M.Kondo; L. F. Gonçalves; L. G. Marcassa; D. Booth; J. Tallant; J. P.; A. Schwettmann; K. R.
Overstreet; J. Sedlacek and J. P. Shaffer. Journal of Physics B: Atomic, Molecular and Optical Physics, 44, n. 18,
p.184007,( 2011).
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Aggregation of Rydberg excitations in a dense
thermal vapor cell
Alban Urvoy1, Fabian Ripka1, Igor Lesanovsky2, Tilman Pfau1, Robert Löw1
1. 5. Physikalisches Institut and Center for Integrated Quantum Science and Technology, Universität
Stuttgart
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Interacting Rydberg atoms in dense gases are of growing interest, due to new physics enabled
by the Rydberg blockade effect. Among others, strongly interacting many-body systems with
Rydberg atoms were recently studied in cold atomic gases [1][2]. Here we consider a very
dense gas of thermal atoms at room temperature excited off-resonantly to a Rydberg state. At a
certain distance of an already excited atom the excitation of another atom is facilitated, since
the interaction compensates the laser detuning [3]. This allows for the creation of Rydberg
aggregates growing exponentially from their boundaries.
We present our experimental results on the creation of such Rydberg aggregates in a vapor
cell. We are able to monitor the growth dynamics of the aggregates in time and extract scaling
laws for the characteristic timescale. Our findings are consistent with a model based on an
effective Master equation.
References
[1] H. Schempp et al., Phys. Rev. Lett. 112, 013002 (2014)
[2] N. Malossi et al., arXiv:1308.1854 (2013)
[3] I. Lesanovsky and J.P. Garrahan, arXiv:1402.2126 (2014)
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Design and simulation of a cold Rydberg atom
production and detection system.
Cristian Mojica-Casique, Fernando Ramirez-Martinez, Jesus Flores-Mijangos, Jose Jimenez-Mier
1. ICN-UNAM

The design of an experimental system to produce and detect cold Rydberg atoms is presented.
We plan to use a three-photon excitation scheme to produce nf states of atomic rubidium. The
geometrical constraints imposed by the CAD design are then used in simulating programs for
the parameters of the magnetic quadrupole trapping field and the shape of the intersection
between the magneto-optical and the three laser beams responsible for the excitation.
Simulations are also used to design the electric field applied to parallel plates that will be used
for field ionization. The study of ion trajectories for the time of flight detection of the Rydberg
atoms is also presented.

128

Rydberg Atoms

Mo-102

3-body resonant interaction in cold Cs Rydberg
atoms
Riccardo Faoro1, Bruno Pelle1, Patrick Cheinet1, Ennio Arimondo2, Pierre Pillet1

2. INO-CNR, Università di Pisa, Largo Pontecorvo 3, I-56127 Pisa, Italy

Cold Rydberg atoms are a promising tool for studying few-body and many-body interaction
because of their strong and long-range dipole-dipole interactions. One example is Förster
resonance, a 2-body energy exchange resonance [1] analogous to FRET in biology [2].We have
observed 3-body Stark-tuned resonances in a cold Cs Rydberg gas for different principle
quantum number n, described by the following equation:
3xnp3/2 mJ=1/2(mJ=3/2)↔(n+1)s +ns +np3/2 mJ=3/2(mJ=1/2).
We excite the Rydberg state via a three-photon excitation starting from a Cs MOT, tuning the
resonance with an external electric field [3]. This new FRET process could be used to design a
3-Qbit quantum gate or to provide an effective Quantum Non Demolition measure of
entanglement between 2 atoms, measuring the 3rd. It could improve imaging techniques in
biology that already use 2-body FRET [2] and new solar cell technology which already tries to
mimic light-harvesting that is ruled by FRET.
References
[1] K. A. Safinya et al. , Phys. Rev. Lett. 47, 405 (1981)
[2] E. A. Jares-Erijman and T. Jovin, Nat. Biotech. 21, 1387 (2003)
[3] J. H. Gurian et al. , Phys. Rev. Lett. 108, 023005 (2012)
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Quantum simulations of biochemical processes
with Rydberg atoms
Sebastian Wüster1, Alexander Eisfeld1, Michael Genkin1, David W Schönleber, Shannon
Whitlock2
, Karsten Leonhardt1, Xiaoqing Wang1
1. Max Planck Institute for the Physics of Complex Systems, Nöthnitzer Strasse 38, 01187 Dresden,
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Germany
2. Physikalisches Institut, Universität Heidelberg, Im Neuenheimer Feld 226, 69120, Heidelberg,
Germany.

Excitation transport through resonant dipole-dipole interactions is a fundamental feature that
is shared by arrays of ultra-cold Rydberg atoms and biological light-harvesting complexes. This
can be exploited twofold:
Firstly, we show that quantum simulations of light-harvesting processes are possible with an
aggregate of Rydberg atoms embedded in- and monitored by a background cold gas [1].
Determining the location of excitation energy in the system decoheres quantum excitation
transport. We thus can engineer an open quantum system with tuneable environment coupling
and disorder.
Secondly, novel quantum coherent energy transport schemes can be devised in the simple
atomic system, that might then be generalisable to the more complex light-harvesting devices.
The inclusion of atomic motion naturally provides adiabatic excitation and entanglement
transport. Different geometries allow the creation of artificial conical intersections and
transport switches [2]. We then consider whether the processes uncovered may hold relevance
for real biological systems [3].
References
[1] A. Eisfeld, M. Genkin, David Schönleber, S. Whitlock and S. Wüster, in preparation (2014).
[2] K. Leonhardt, S. Wüster and J. M. Rost, http://arxiv.org/abs/1310.6975.
[3] X. Wang, S. Wüster and A. Eisfeld, in preparation (2014).
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Molecular alignment measured with photoelectron
ionization yields
Gamze Kaya1, Necati Kaya1, James Strohaber1, 2, Nathan Hart1, Muhammed Sayraç1,
Alexandre Kolomenski1, Hans Schuessler1
1. Department of Physics, Texas A&M University, College Station, TX 77843-4242, USA
2. Department of Physics, Florida A&M University, Tallahassee, Florida 32307, USA

We studied the rotational wavepacket evolution of linear molecules aligned by a femtosecond
laser pump pulse with detection of electron photoionization yields produced by a variably
delayed probe pulse. The same experimental setup was used as was previously employed for
above-threshold ionization (ATI) measurements [1]. The temporal evolution of the
photoelectron yields as a function of the probe pulse delay was measured for linearly or
circularly polarized pump pulses, and revivals of the rotational wavepacket were observed in O2
, CO, and C2H2 gases. It is shown that this new method based on detection of photoelectrons is
versatile and sensitive and opens new possibilities in studies of a field-free molecular alignment
in addition to common approach that uses ion yields for the detection.
This work was supported by the by the Robert A. Welch Foundation grant No. A1546 and the
Qatar Foundation under the grant NPRP 5-994-1–172.
References
N. A. Hart, J. Strohaber, G. Kaya, N. Kaya, A. A. Kolomenskii, and H. A. Schuessler, Phys. Rev. A 89, 053414 (2014)
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Investigating (R)-3-methylcyclopentanone
Conformers using Temperature Dependent Raman
Spectroscopy
Watheq Al-Basheer

MONDAY

1. Department of Physics, King Fahd University of Petroleum & Minerals, Dhahran 31261 Saudi Arabia

Recorded temperature dependent Raman spectra of neat (R)-3-methylcyclopentanone (R3MCP)
over the Raman active C-H stretch region (2850 – 3000 cm-1) are being employed to determine
conformer energy difference (ΔH° = 4.83 ± 0.45 kJ/mol) between R3MCP equatorialand axial
isomers [1]. Upon comparison with spectra obtained at room temperature, crystalline R3MCP
Raman spectra recorded at liquid nitrogen temperature (~77 °K) are being utilized to assist
identifying Raman vibrational modes rising due to R3MCP equatorial and axial conformers [2].
Correspondingly, DFT calculations (correlation function type B3LYP using a moderate 6-31G*
and large aug-cc-pVDZ basis sets) are also manipulated to obtain highly resolved Raman
spectra for the optimized geometries of equatorial and axial conformers which are also used to
help identify vibrational modes rising due to each conformer [3]. Reported calculated spectra of
the individual R3MCP conformers are shown to have good agreement with corresponding
experimental Raman spectra.
References
[1] W. Al-Basheer, R.M. Pagni, R.N. Compton, J. Phys. Chem. A. 111, 12 (2007).
[2] W. Al-Basheer, J. Appl. Spect. 81, 2 (2014).
[3] W. Al-Basheer, J. Sol. Chem. 41, 1495 (2012).
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Time-sliced 3D momentum imaging of
photofragmentation H2+
Necati Kaya1, Gamze Kaya1, James Strohaber1, 2, Alexandre Kolomenski1, Hans Schuessler1
1. Department of Physics, Texas A&M University, College Station, TX 77843-4242, USA
2. Department of Physics, Florida A&M University, Tallahassee, Florida 32307, USA

The photofragmentation of H2+ was investigated with 800nm, 50fs laser pulses by employing a
time-sliced 3D imaging technique that enables the measurement of all three momentum
components PX, PY, PZ , which are linearly related with the pixel position and the slicing time,
simultaneously for each individual product particle arriving at the detector. This allows us to
measure the three-dimensional fragment momentum vector distribution without having to rely
on mathematical reconstruction methods, which also require the investigated system to be
cylindrically symmetric. We experimentally reconstruct the laser-induced photofragmentation
of H2+. In most experiments, neutral molecules are used as a target, but in this work, using
molecular ions, already prepared by an electric discharge, provides well-defined starting
conditions and allows experiments at lower intensities.
This work was supported by the Robert A. Welch Foundation Grant No. A1546 and the Qatar
Foundation under the grant NPRP 5-994-1-172.
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A new method to measure photoexcitation crosssections with a Gaussian laser beam questions the
photodetachment cross-section of H1. Laboratoire Aimé-Cotton, Centre national de la recherche scientifique, université Paris-sud, Ecole
normale supérieure de Cachan

A new method based on the expected behavior of the signal in the saturated regime, is
described to measure photoexcitation cross-sections when a Gaussian light beam is used. The
method is implemented on a negative ion beam, with a single-mode pulsed Nd:YAG laser (1064
nm), to provide the first laser measurement of the photodetachment cross-section of H-. This
cross-section is of primary importance both as the photodetachment cross-section of the most
elementary negative ion and as a key parameter for the production of fast neutral H and D
atoms, for plasma heating by photodetachment from accelerated ions. The obtained value
4.5(6) x 10-21 m2 is greater than the one known from ancient measurements and most ab initio
calculations.
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Weakly bound 87Rb2(5s1/2+ 5p1/2)1g molecule:
Hyperfine interaction and improved LeRoyBernstein analysis including nonlinear terms
Haikel Jelassi1, Laurence Pruvost2
1. National Centre of Nuclear Sciences and Technologies, Technopole Sidi Thabet, 2020 Tunisia & Unité
de Recherche "Maîtrise et développement des techniques nucléaires caractère pacifique", Groupe
Radiotraitement.
2. Laboratoire Aimé-Cotton. CNRS, Univ. Paris-Sud, ENS-Cachan F-91405, Orsay, France

Data on (5s1/2 + 5p1/2) 1g87Rb2 state under the D₁ limit, provided by a photoassociation
experiment on cold atoms, have been analyzed by an improved LeRoy-Bernstein (LRB)
approach including non-linear terms and provides a c₆ value of the asymptotic potential. To do
that, using a model for hyperfine structure shifts, we have first subtracted the hyperfine effects
observed by splitted lines and deduced the vibrational energies of each level. Then, we have
compared three LRB type models to fit the data. We conclude that the next improved LRB ones
is well appropriate and allows us to deduce an experimental value of c₆ (c₆=(15.14±0.05)×10⁴
a.u.) [1].
References
[1] H. Jelassi and L. Pruvost, Weakly bound 87Rb2 (5s1/2 + 5p1/2)1g molecules: Hyperfine interaction and LeRoyBernstein analysis including linear and nonlinear terms, Physical Review A 89, 032514 (2014).
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Observation of the X1Σ+ and C1Σ+ States of NaD
Molecules
Thou-Jen Whang1, Chin-Chun Tsai2
1. Department of Chemistry, National Cheng Kung University, Tainan 70101, Taiwan
2. Department of Physics, National Cheng Kung University, Tainan 70101, Taiwan
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Using pulsed optical-optical double resonance fluorescence depletion spectroscopy, the X1Σ+
and C1Σ+ states of gaseous sodium deuteride molecules have been observed and characterized.
The vibrational quantum numbers of the ground X1Σ+ state are found from 11 to 19 by the
technique of stimulated emission pumping. By comparing the theoretical calculations and
utilizing the isotope-shift effect, the absolute vibrational numbering is primarily determined
and the observed vibrational quantum numbers are from 10 to 57. However, the calculated
potential curve of the C1Σ+ state shows a double-well, the rovibrational levels within the energy
regime of the adiabatic double wells display irregularly in energy positions.
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Resonance transition in atoms passing through a
magnetic grating
Atsushi Hatakeyama1, Kohei Goto1
1. Department of Applied Physics, Tokyo University of Agriculture and Technology

We study atomic spin resonance in a rubidium beam obliquely incident on a magnetic
transmission grating. The atoms experience a periodic perturbation from the grating as they
pass through it. The magnetic resonance transition occurs when a perturbation frequency
matches the transition frequency. The magnetic grating is made by vapor-depositing magnetic
material, Co-CoO, on a polyimide film, which has multiple 150- µm-wide slits separated from
each other by 150 µm. This magnetic grating is relatively easy to be miniaturized, and may lead
to a new type of “optics” for velocity-selective manipulation of atoms through the transition
between magnetic sublevels. We have found a strong dependence of resonance spectra on
whether the magnetization direction of the film is parallel or perpendicular to the surface.
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Lifetime of a Spin State in an Isolated Rydberg Ion
Joseph N. Tan1, Nicholas D. Guise1, Samuel M. Brewer1, 2, Shannon Fogwell Hoogerheide1,
Charlotte F. Fischer1, Per Jönsson3
1. National Institute of Standards and Technology, Gaithersburg, Maryland 20899, USA
3. Malmö University, S-20506, Malmö, Sweden

Forbidden transitions in metastable atomic states are useful in frequency standards and
measurements of fundamental constants. Some potential applications for cosmology, atomic
clocks, and quantum information are being explored in highly-ionized atoms [1]. An
experimental technique has been developed recently at NIST to study forbidden transitions in
multiply ionized atoms at low energy. Ions extracted from an ion source are selectively
captured in a palm-sized Penning trap, isolating the charge state of interest at ~100 times
lower energy within 1 ms. The radiative lifetime is measured by photon counting of
spontaneous emissions from the stored ions. For the case of decay via spin-flip (M1) transition
in Kr17+, a relativistic Rydberg atom, various theoretical predictions are in agreement with the
result of this technique at the 1% level [2]. Its transition probability has a remarkable lack of
sensitivity to configuration mixing that is useful for tests of higher-order QED.
References
[1] M. Safranova, V.A. Dzuba, V.V. Flambaum, and M.G. Dozlov, Bull. APS 58, No. 6, Abstract ID:
BAPS.2013.DAMOP.J4.4 (2013).
[2] N.D. Guise, J.N. Tan, S.M. Brewer, C.F. Fischer, and P. Jönsson, Phys. Rev. A 89, 040502(R) (2014).
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Non-Resonant Correlation Spectroscopy in Cold
Atoms: Extracting the Correlation Information of
Light Sidebands
A. Kumar1, H. M. Florez1, K. Theofilo1, P. Nussenzveig1, M. Martinelli1
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1. Instituto de Fisica, Universidade de Sao Paulo, 05315-970 Sao Paulo, SP-Brazil

In some of our previous work [1, 2], we have explored the noise correlation spectroscopy for
laser fields under electromagnetically induced transparency condition in cold atomic
ensembles. In all those studies, one of the lasers is always kept in atomic resonance and other
is scanned around the resonance. We extend the analysis to the non-resonant cases of the fixed
beam, coupling Zeeman transitions in 5S1/2(F=1)-5P3/2(F`=1) of Rb87. Besides the asymmetric
correlation spectra, where one can switch from correlation to anti-correlation or vice-versa just
by changing the laser frequency, we could get the correlation information of sidebands of the
lasers. The role of analysis frequency for extracting the sidebands is highlighted as well. We
observe that in the resonant case, correlation is dominated by the carriers and contribution
from sidebands is suppressed. Our experimental findings are supported by a theoretical model
based on conversion of phase noise to amplitude noise [3].
References
[1] D. Felinto, L. S. Cruz, R. A. de Oliveira, H. M. Florez, M. H. G. de Miranda, P. Nussenzveig, M. Martinelli and J.
W. R. Tabosa, Opt. Express 21, 1512 (2013).
[2] H. M. Florez, L. S. Cruz, M. H. G. de Miranda, R. A. de Oliveira, J. W. R. Tabosa, M. Martinelli and D. Felinto,
Phys. Rev. A 88, 033812 (2013).
[3] M. Martinelli, P. Valente, H. Failache, D. Felinto, L. S. Cruz, P. Nussenzveig and A. Lezama, Phys. Rev. A 69,
043809 (2004).
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Driving Rydberg-Rydberg transitions with an
amplitude-modulated optical lattice
Kaitlin Moore1, Georg Raithel2

2. Physics Dept., University of Michigan, Ann Arbor

We demonstrate a novel spectroscopic method that couples Rydberg states using an amplitudemodulated optical lattice. The method is fundamentally different from typical microwave
spectroscopy: it engages the A2-term rather than the Ap-term of the atom-field interaction
Hamiltonian[1]. The method allows us to drive microwave transitions between Rydberg states
with optical spatial resolution, and it is not subject to the usual electric-dipole selection rules
(i.e., higher-order transitions are driven in first-order time-dependent perturbation). In the
experiment, cold rubidium Rydberg atoms are excited and confined in an optical lattice of
wavelength 1064nm using the ponderomotive force[2]. The 58S1/2-59S1/2 transition is driven in
first-order by modulating the intensity of the optical lattice using a tunable electro-optic fiber
modulator. Maximum population transfer occurs at a lattice modulation frequency of
38.76861(1) GHz, in agreement with calculations. We display experimental results of this new
lattice modulation spectroscopy.
References
[1] J.J. Sakurai, Advanced Quantum Mechanics. Reading: Addison-Wesley, 1967. [2] S.E. Anderson, K.C. Younge,
and G. Raithel, Phys. Rev. Lett., 107, 263001 (2011)
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Towards multi-photon Raman scattering with
higher excited levels of rubidium atoms in a warm
ensemble
Michał Parniak1, Wojciech Wasilewski1
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Raman scattering in warm atomic vapors is a serious candidate for a robust light-matter
interface. One possible scheme would consist of the generation of quantum information via
Stokes scattering, its storage in the ground state atomic coherence and subsequent retrieval
via anti-Stokes scattering.
However, intrinsic properties of atoms also lead to generation of light by many incoherent
processes that cannot be spectrally separated. Our proposal is to include more levels of
rubidium atom in the process, and use the diamond configuration [2,3] instead of the wellknown Λ configuration. Such a system will enable us to generate quantum light at the
wavelength significantly different than any Raman pump wavelength, thus greatly reducing the
problem of spectral separation.
On the poster we will present theoretical results concerning four-photon Raman scattering in
the diamond configuration, as well as our experiment on four-wave mixing with the
abovementioned, previously undescribed, diamond configuration.
References
[1] Chrapkiewicz, R., & Wasilewski, W. (2012). Generation and delayed retrieval of spatially multimode Raman
scattering in warm rubidium vapors. Optics Express, 20(28), 29540. [2] Willis, R., Becerra, F., Orozco, L., &
Rolston, S. (2009). Four-wave mixing in the diamond configuration in an atomic vapor. Physical Review A, 79(3),
033814. [3] Chanelière, T., Matsukevich, D., Jenkins, S., Kennedy, T., Chapman, M., & Kuzmich, A. (2006).
Quantum Telecommunication Based on Atomic Cascade Transitions. Physical Review Letters, 96(9), 093604.
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Probe-intensity dependence of velocity-selective
polarization spectroscopy at the rubidium D2
manifold
Fernando Ramírez-Martínez1, Jesús Flores-Mijangos1, Ricardo Colín-Rodríguez1, Alejandro

1. Instituto de Ciencias Nucleares, UNAM, Circuito Exterior, Ciudad Universitaria, 04510 México, D. F.,
México

This work shows the effect of a strong, circularly polarized coupling beam on a probe beam
locked to a hyperfine transition of the rubidium D2 manifold [1]. We present experimental
spectra for co- and counter-propagating beams and a rate equation calculation that does not
neglect the probe beam intensity. Absorption and polarization spectra for both configurations
are well reproduced by the calculation. The effect of the probe beam intensity is studied in
detail in the counter-propagating configuration. Saturation and power broadening effects are
observed, with different saturation intensities for each atomic line. Our analysis allows us to
estimate the effective probe beam saturation intensity. In both configurations, the polarization
spectra produces dispersion features ideal for locking the frequency of the coupling beam to
well identified resonant frequencies. The dispersion profile slopes increase with the intensity of
the probe beam, which can then control the gain of the locking device.
References
[1] J. Flores-Mijangos, F. Ramírez-Martínez, R. Colín-Rodríguez, A. Hernández-Hernández, and J. Jiménez-Mier,
Phys. Rev. A 89, 042502 (2014).
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Methods for Characterizing the Dispersion of
Passive Optical Cavities using a Femtosecond
Optical Frequency Comb
Stephen Kyriacou1, 2, Helen Margolis1, Patrick Baird3, Patrick Gill1
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Passive optical cavities are frequently used with optical frequency combs in order to perform
broadband trace gas detection. However, group delay dispersion (GDD) from the cavity mirror
coatings reduces the optical bandwidth that can be simultaneously coupled into the cavity. As
the cavity finesse increases to improve the sensitivity of absorption measurements, this
bandwidth reduction becomes more severe. For a finesse of 15000, GDD of 1fs2 halves the
useful bandwidth transmitted through the cavity.
Characterization of the cavity dispersion is performed by scanning the relative frequencies of
the comb and cavity modes whilst recording the time delay between different parts of the
optical spectrum resonating with the cavity. This is achieved by dithering the cavity length[1],
or the frequency offset of the comb using an acousto-optic modulator. We compare these two
approaches, as well as examining the use of Optical Vernier Spectroscopy[2] to measure
dispersion with higher spectral resolution.
References
[1] T.J Hammond et al., “Simple method to determine dispersion of high-finesse optical cavities”, Opt. Express 17,
8998-9005, 2009.
[2] Gohle et al “Frequency Comb Vernier Spectroscopy for Broadband, High-Resolution, High-Sensitivity
Absorption and Dispersion Spectra” PRL 99, 263902 (2007)
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Coherent interactions between matter and
radiation in neutral hydrogen clouds in the
interstellar medium
1. Department of Physics and Astronomy, University of Western Ontario, London, ON, N6A 3K7, Canada
2. Division of Physics, Mathematics and Astronomy, California Institute of Technology, Pasadena, CA,
91125, US

We investigate the possibility of coherent interactions between matter and radiation in neutral
hydrogen (HI) clouds in the interstellar medium (ISM), with the goal of determining their
impact on the measurement of the abundance of atomic hydrogen. Hydrogen is the most
abundant species in the Universe, and the precise measurement of its density has a significant
impact on our understanding of the universe. It is usually assumed that the interaction between
matter and radiation is fully non-coherent in the ISM, and hydrogen abundances are calculated
with this assumption. We reexamine this assumption by adapting Dicke's coherence formalism
[1] to different sets of initial conditions in HI clouds in the interstellar medium and determining
the intensity equation in different ensembles of atoms. We compare this intensity relation with
the one calculated by the non-coherent radiation model, and discuss the order of potential
corrections in the abundance measurements. In the study of coherent interactions, we have
derived the Maxwell-Bloch equations for an ensemble of N hydrogen atoms interacting with the
21 cm magnetic dipole transition in the electronic ground state of the hydrogen atom. This set
of equations is then solved numerically and the possibility of limited superradiance and
coherence is investigated.
References
[1] R. Dicke, Phys. Rev. 93, 99 (1954).
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Sensitivity improvements to the YbF electron
electric dipole moment experiment
J. A. Devlin 1, I. Rabey1, I . J. Smallman1, B. E. Sauer1, J. J. Hudson1, M. R. Tarbutt1, E. A.
Hinds1
1. Centre for Cold Matter, Blackett Laboratory, Imperial College London, Prince Consort Road, London
SW7 2AZ, UK

We present a series of improvements to the preparation and detection of YbF molecules in our
supersonic molecular interferometer [1]. Combined with existing improvements these will allow
a ninety-fold reduction in the statistical uncertainty of our measurement of the electron’s
electric dipole moment (EDM), enabling us to search for an EDM below the recent upper limit
of 8.9*10-29 e.cm [2]. Using laser, microwave and rf fields, we propose to pump more YbF
molecules into the ground state, where they can participate in the experiment. In the detection
region we plan to use techniques developed for molecular laser cooling to dramatically
increase the number of scattered photons, and to use improved collection optics. Some of these
techniques will also be used in the YbF fountain [3]. With this more sensitive interferometer,
we will be able to continue the search for physics beyond the Standard Model.
References
[1] J. J. Hudson et al., Nature 473, 493–496 (2011)
[2] J. Baron et al., Science 343, 269–272 (2014).
[3] M. R. Tarbutt et al., New J. Phys. 15 053034 (2013).
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Improved Limit on the Electric Dipole Moment of
the Electron
Jacob Baron1, Wesley C. Campbell2, David DeMille3, John M. Doyle1, Gerald Gabrielse1, Yulia V.
3
Gurevich3, Paul W. Hess1, Nicholas R. Hutzler1, Emil Kirilov4, Ivan Kozyryev1, Brendon R.
O'Leary

, Cristian D. Panda1, Maxwell F. Parsons1, Elizabeth S. Petrik1, Benjamin Spaun1, Amar C.
Vutha5
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, Adam D. West3
1. Harvard University, Department of Physics
2. University of California, Los Angeles, Department of Physics and Astronomy
3. Yale University, Department of Physics
4. Universit at Innsbruck, Institut f ur Experimentalphysik
5. York University, Department of Physics and Astronomy

The ACME collaboration has measured the electron's electric dipole moment de with
unprecedented precision. We find de = (-2.1+-3.7stat +-2.5syst)*10^-29 e cm [1, 2], which
corresponds to an upper limit of de < 8.7*10^-29 e cm with 90 percent confidence. This result
represents an order of magnitude improvement upon the previous best limit [3]. We describe
our method of measuring de using a buffer gas cooled beam of thorium monoxide (ThO) and our
approach to finding and quantifying systematic effects. We also discuss some of the
implications of this result for fundamental physics beyond the Standard Model.
References
[1] The ACME Collaboration et al., Science 343, 269-272 (2014).
[2] L. V. Skripnikov, A. N. Petrov, and A. V. Titov, J. Chem. Phys. 139, 221103 (2013).
[3] J. J. Hudson, D. M. Kara, I. J. Smallman, B. E. Sauer, M. R. Tarbutt, and E. A. Hinds, Nature 473, 493-496
(2011).
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Measuring the Electron Electric Dipole Moment
with Trapped Molecular Ions
Matt Grau1, Kevin Cossel1, William Cairncross1, Daniel Gresh1, Yiqi Ni1, Jun Ye1, Eric Cornell1
1. JILA, NIST and University of Colorado, and Department of Physics, University of Colorado, Boulder CO
80309-0440, USA

Molecular ions in a radiofrequency trap are well-suited to measurements of the electron
electric dipole moment (eEDM) due to their long coherence times. Our experiment focuses on
the metastable 3Δ1 state of HfF+, confined in a Paul trap with superimposed rotating electric
and magnetic bias fields. We have measured the lifetime of this state to be 2.1(1) s, providing
the ultimate limit to our possible coherence time. We have demonstrated the ability to stateselectively transfer population to the desired 3Δ1 J=1 state and to efficiently measure the
population in single spin states using photodissociation. With these techniques, we performed
eEDM-sensitive Ramsey spectroscopy in a rotating bias field with up to 400 ms coherence time
and two counts per shot. We identify two decoherence mechanisms, bias field spatial
inhomogeneity and ion-ion interactions.
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Mercury Monohalides as Candidate Molecules for
Electron Electric Dipole Moment Searches
Srinivasa Prasannaa V1, Minori Abe2, Amar Vutha3, Bhanu Das1
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The possible existence of the electron electric dipole moment (eEDM) can lead to important
insights into new physics beyond the Standard Model, and the matter-antimatter asymmetry of
the Universe. Certain polar molecules are considered to be the best candidates for eEDM
experiments, because of their large internal electric fields. The determination of the eEDM
requires a combination of experimental measurements, and calculation of the molecule's
internal electric field. Using relativistic many-body theory, we have established that the
internal electric fields in the ground states of mercury monohalides are substantially larger
than those in ThO (the molecule that leads to the current best limit on the eEDM) and YbF. In
addition to their large internal electric fields, these molecules also have properties that are
advantageous for experiments. This suggests that mercury monohalides are promising
candidates for eEDM search experiments.
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Precision Experiments with Multiply-ionized Atoms
in Compact Ion Traps
Shannon Fogwell Hoogerheide1, Joseph N. Tan1
1. National Institute of Standards and Technology, Gaithersburg, MD 20899

Highly charged ions have recently been isolated at low energy in compact Penning traps [1],
facilitating a variety of spectroscopic studies of interest in atomic physics and metrology—such
as the possibility of new atomic frequency standards [2]. One application is the study of chargeexchange (electron capture) processes using fully-stripped ions isolated at low energy. Another
application involves the production and formation of low-Z, one-electron ions in high angular
momentum states that are favorable for measuring fundamental constants [3]. We report on
the development of a miniature electron beam ion trap (EBIT) with an attached rubidium beam
oven to allow charge exchange between laser-excited Rydberg rubidium atoms and isolated
bare nuclei to form one-electron ions in Rydberg states. Optical comb-based spectroscopy of
such ions could provide an independent determination of the Rydberg constant [3] to help
resolve the discrepancy in the proton charge radius measurements [4].
References
[1] S.M. Brewer, N.D. Guise, and J.N. Tan, Phys. Rev. A 88, 063403 (2013).
[2] A. Derevianko, V. A. Dzuba, and V. V. Flambaum, Phys. Rev. Lett. 109, 180801 (2012).
[3] U. D. Jentschura, P. J. Mohr, J. N. Tan and B. J. Wundt, Phys. Rev. Lett., 100, 160404 (2008).
[4] R. Pohl, et al. (CREMA collaboration), Nature, 466, 213-218 (2010).
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Precision spectroscopy of atomic hydrogen for a
new determination of the Rydberg constant and
the proton charge radius
Axel Beyer1, Lothar Maisenbacher1, Ksenia Khabarova2, Arthur Matveev1, Randolf Pohl1,

1. Max-Planck-Institute of Quantum Optics, 85748 Garching, Germany
2. P.N. Lebedev Physical Institute, 119991 Moscow, Russia
3. Ludwig Maximilian University, 80799 Munich, Germany

The ‘proton size puzzle’ , i.e. the seven standard deviations discrepancy of the values for the
proton r.m.s. charge radius extracted from hydrogen spectroscopy and elastic electron-proton
scattering on the one hand and muonic hydrogen on the other hand, exists for more than three
years now [1]. Still, no convincing solution to the discrepancy could be found so far. Here, we
report on a new precision spectroscopy experiment, aiming to shed light on the regular
hydrogen part of the puzzle: our measurement of the 2S – 4P transition frequency is the first
experiment of its kind being performed on a cryogenic beam of hydrogen atoms in the 2S state
[2]. We will show how this helps to efficiently suppresses leading order systematic effects of
previous measurements and discuss our recent progress towards an improved determination of
the Rydberg constant and the proton charge radius from high resolution spectroscopy of
electronic hydrogen.
References
[1] A. Antognini et al., Science 339, 417 (2013)
[2] A. Beyer et al., Ann. Phys. (Berlin) 525, 671 (2013)
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Progress on a separated-oscillatory-field
microwave measurement of the n=2 Lamb shift of
atomic hydrogen
A. C. Vutha1, I. Ferchichi1, I. Ferchichi1, N. Bezginov1, M. C. George1, M. Weel1, C. H. Storry1
, E. A. Hessels1
1. York University, Toronto, Canada

Recent measurements of the n=2 energy separations in muonic hydrogen lead to a
determination of the proton charge radius which differs from that obtained from spectroscopy
in ordinary hydrogen by 7 standard deviations. We are in the process of measuring the n=2
Lamb shift of hydrogen to shed light on this discrepancy. The measurement is performed using
metastable hydrogen atoms obtained from charge exchange between 50-keV protons and a
neutral gas. Separated oscillatory fields are used to narrow the 100-MHz natural linewidth of
the 2S-2P transition. A high signal-to-noise ratio is obtained by quenching the metastable atoms
in an electric field and observing the resulting Lyman-α photons in a large-solid-angle
photoionization detector.
We acknowledge funding from NSERC, CFI, CRC, ORF, and NIST.
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Unshielded Radio-Frequency Magnetometer
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Tunable radio-frequency atomic magnetometers show promising potential as a means of
detecting low-field magnetic resonance signals, for instance in substance detection by nuclear
quadrupole resonance; however, previous results were obtained from magnetometers within
mu-metal and radio-frequency shielding, impractical for field applications. We demonstrate a
sensitivity of 0.6 fT/Hz1/2 and a Q of 630 at 0.42 MHz without mu-metal shielding using
magnetic coils and automatic shimming to compensate for earth's field. By using spatially
separated magnetometers (two voxels within the same cell) as a gradiometer, sensitive to local
sources, we observe interference rejection with a ratio of 1-2 orders of magnitude in a partially
unshielded configuration. We are currently limited by slight mismatching of the resonance
frequencies and T2’s between the two voxels, but will address how to handle this with more
precise calibration and post-processing. The goal is to extend these results to a completely
unshielded setting.
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Experimental Test of Quantum Jarzynski Equality
with a Trapped Ion
Shuoming An1, Jing-Ning Zhang1, Mark Um1, Dingshun Lv1, Yao Lu1, Junhua Zhang1, Zhang-Qi
Yin1, Hai Tao Quan2, Kihwan Kim1
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We report on the experimental test of the quantum Jarzynski equality. The Jarzynski equality
connects work done on the system to the free energy difference of the corresponding
equilibrium states even through a non-equilibrium process [1]. While many experimental tests
of Jarzynski equality have been performed in classical regime, the verification of the quantum
version has not yet been fully demonstrated due to experimental challenges [2]. We perform
the experimental test with a trapped Yb171+. We first prepare the initial thermal states of
motion and we apply the laser induced force to the ion. This forces rise to the fixed maximum
in different speeds ranging from quasi-static to far-from equilibrium. By projecting the initial
phonon thermal state to phonon Fock state and measuring the transition probability to the
different finial phonon energy states, we get the dissipated work distribution. For all these
protocols, our experiment results show the Quantum equality is valid.
References
[1] C. Jarzynski, Phys. Rev. Lett. 78, 2690 (1997).
[2] G. Huber, F. Schmidt-Kaler, S. Deffner and E. Lutz, Phys. Rev. Lett. 101, 070403 (2008).
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Free Spin Precession as a Tool for Testing
Fundamental Physics
Isaac Fan1, Silvia Knappe-Grueneberg1, Jens Voigt1, Wolfgang Killian1, Allard Schnabel1,
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In the free precession of nuclear magnetic moments, any non-magnetic spin interaction will
add a shift to the corresponding Zeeman splitting. In spin clocks, employing simultaneously two
nuclear species, the Zeeman interaction is eliminated. This makes spin clocks a powerful tool in
the search of symmetry breaking phenomena in physics. Examples of such searches include the
axion particle, electric dipole moment of electron or atoms, and the Lorentz invariance
violation. The sensitivity of these spin-clock based precision measurements ultimately relies on
how accurate the precession frequency of the signal can be determined. There exists a
statistical lower-bound in such a frequency estimation regardless of the measuring and
estimating procedures adopted. We show here the evaluations of such minimum variances in
case of a ﬁnite spin coherence time and compare it with our experimental data obtained by
SQUID detectors.
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High-Performance Parallel Solver for 3D TimeDependent Schrodinger Equation for Large-Scale
Nanosystems
Ivan Gaynullin1
1. Faculty of Physics, Moscow State University; Leninskie gory 1 # 2, Moscow, 119992, Russia

A parallelized three-dimensional time-dependent Schrodinger equation (TDSE) solver for one
electron systems is presented in this paper. The TDSE solver is based on finite-difference
method in Cartesian coordinates and uses simple explicit leap-frog numerical scheme. This
simplicity provides very efficient parallelization and high performance of calculations using
graphical processing units (GPUs). E.g. calculation of 106 time-steps on the 1000x1000x1000
numerical grid takes only 16 hours on 16 Tesla M2090. The TDSE solver demonstrates
scalability (parallel efficiency) close to 100% with some limitations on the problem size. The
comparison with other TDSE solvers shows that GPU based TDSE solver is 3 times faster for
the problems of the same size and the same cost of computational resources, this benefit can
be increased up to 10 times using problem-specific non-Cartesian coordinates. The TDSE solver
was applied to the calculation of the resonant charge transfer during H+ - H0 collision.
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Time of Flight Mass Spectrometer for Molecular Ion
Trapping
Jessie Petricka1
1. Gustavus Adolphus College

A time of flight mass spectrometer is implemented for a linear quadrupole trap which allows
for measurement of trapped-ion reaction rates with background gasses, introduced buffer
gasses, and co-trapped species. Measurements of the decay rate of SrF+through various modes
demonstrate the viability of the technique.
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Coherent Stern–Gerlach momentum splitting on an
atom chip
Yair Margalit1, Shimon Machluf1, Yonathan Japha1, Ron Folman1

In the Stern–Gerlach effect, a magnetic field gradient splits particles into spatially separated
paths according to their spin projection. The idea of exploiting this effect for creating coherent
momentum superpositions for matter-wave interferometry appeared shortly after its discovery,
almost a century ago, but was judged to be far beyond practical reach. Here we demonstrate a
viable version of this idea [1]. Our scheme uses pulsed magnetic field gradients, generated by
currents in an atom chip wire, and radio-frequency Rabi transitions between Zeeman sublevels.
We transform an atomic Bose–Einstein condensate into a superposition of spatially separated
propagating wavepackets and observe spatial interference fringes with a measurable phase
repeatability. The method is versatile in its range of momentum transfer and the different
available splitting geometries. These features make our method a good candidate for
supporting a variety of future applications and fundamental studies.
References
[1] S. Machluf, Y. Japha, and R. Folman, Nat. Commun. 4, 1 (2013).
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Phase space tomography using an atom chip with
random and engineered fragmentation potentials
Shuyu Zhou1, Julien Chabé1, Ran Salem1, Tal David1, David Groswasser1, Mark Keil1, Yonathan
Japha1, Ron Folman1
1. Ben-Gurion University of the Negev, P.O. Box 653, Beer Sheva 84105, Israel

We demonstrate tomographic reconstruction of the phase space distribution of atoms
oscillating in a harmonic trap with weak potential corrugation caused by nano-scale
imperfections in an atom chip wire [1]. Deformations of these distributions – explained in terms
of angular velocity dispersion of iso-energetic phase space trajectories – are highly sensitive to
anharmonic components of the potential. This method may be important for characterizing
future devices based on trapping and guiding atoms.
References
[1] S. Zhou, J. Chabé, R. Salem, T. David, D. Groswasser, M. Keil, Y. Japha, and R. Folman, arXiv:1403.3432
(2014).
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Injection locking of a high power ultraviolet laser
diode for laser cooling of ytterbium atoms
Toshiyuki Hosoya1, Ryotaro Inoue1, Mikio Kozoma1
1. Tokyo Institute of Technology
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We have developed a high-power light source at 399nm for laser cooling of ytterbium atoms
with an ultraviolet laser diode by using injection-locking. So far, the output power of a laser
diode system was limited to 80mW[1] for this wavelength. We implemented an injection-locking
system of a high power laser diode (NICHIA NDV4B16) and obtained 220mW of output power.
The output wavelength of the slave laser diode was originally centered at 402nm and was
shifted to 399nm by decreasing the chip temperature to -16 degrees. In order to avoid
condensation, the box was purged with nitrogen gas. 5mW of master laser source was prepared
by using a frequency-doubled CW Ti:S laser. This light source can be used for Zeeman slowing,
magneto-optical trapping[2], and transverse two-dimensional cooling of ytterbium atoms[3]. In
the poster, we will present the systematic method for aligning the injection-locking using a
Fabry-Perot interferometer.
References
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A deterministic laser-cooled source of single Si
ions for solid state qubits
Samuel Ronald1, Jonathan Gilbert1, William Fairbank1, Siu Au Lee1

Fort Collins, CO 80523, USA

An all solid state, scalable quantum computer architecture proposed by Kane[1] utilizes P
dopants in Si as qubits. The major difficulty is the placement of a single qubit with nanometer
precision. Laser cooling and trapping a single atom, followed by resonant photo-ionization at
threshold, provides a deterministic source of a single ion which may be deposited at low energy
to meet the stringent spatial demands.[2] There is no cw laser for direct manipulation of P.
However, 31Si beta decays to 31P, and has a cooling wavelength at 221.74 nm which is
achievable with a frequency quadrupled Ti:Sapphire laser.[3] In our laboratory the cooling and
repump lasers, Si atomic beam with a novel Zeeman slower[4], Te 2 and I2 frequency
references and optics to detect fluorescence from single atoms for a magneto-optic trap have
been developed and investigated. Progress of this research will be reported.
Work supported by the W.M. Keck Foundation.
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Room-Temperature Microwave Saturation
Spectroscopy of Nitrogen-Vacancy Ensembles in
Diamond
Pauli Kehayias1, Mariusz Mrozek2, Victor Acosta3, Andrey Jarmola1, Daniel Rudnicki2, Ron
Folman4, Wojciech Gawlik2, Dmitry Budker1, 5
1. Department of Physics, University of California, Berkeley, CA 94720-7300, USA
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3. Google [x], 1600 Amphitheatre Parkway, Mountain View, CA, USA
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The nitrogen-vacancy (NV) color center in diamond has generated much recent interest for use
in quantum information and sensing. The NV ground-state microwave transitions suffer from
inhomogeneous broadening, which limits the achievable sensitivity and coherence time,
especially in high-density NV ensembles. To better understand and remove the sources of
broadening, we performed saturation spectroscopy of the NV microwave transitions. We show
that the inhomogeneous broadening comes primarily from differences in magnetic field from
nearby spins, and we demonstrate that saturation spectroscopy is useful for magnetic-fieldinsensitive NV thermometry.
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Diamond Magnetometry of Superconducting Thin
Films
Amir Waxman1, Yechezkel Schlussel1, David Groswasser1, Victor M. Acosta2, Louis S. Bouchard3
, Dmitry Budker4, Ron Folman1
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In recent years diamond magnetometers based on the nitrogen-vacancy (NV) center have been
of considerable interest for applications at the nanoscale. An interesting application which is
well suited for NV centers is the study of nanoscale magnetic phenomena in superconducting
materials. We employ NV centers to interrogate magnetic properties of a thin-layer yttrium
barium copper oxide (YBCO) superconductor [1]. Using fluorescence-microscopy methods and
samples integrated with an NV sensor on a microchip, we measure the phase transition
temperature and the penetration field of vortices, and observe pinning of the vortices in the
layer. These measurements are done with a 10 nm thick NV layer, so that high spatial
resolution may be enabled in the future. Based on these results, we anticipate that this
magnetometer could be useful for imaging the structure and dynamics of vortices with the
hope of contributing new experimental insight to the open question of high Tc superconductors.
References
[1] A. Waxman, Y. Schlussel, D. Groswasser, V. M. Acosta, L.-S. Bouchard, D. Budker, and R. Folman, Phys. Rev. B
89, 054509 (2014).
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A single frequency tunable laser near 1000 nm for
spectroscopic applications
Yi-Jan Huang1, Pei-Ling Luo2, Yi-Wei Liu2, Li-Bang Wang2, Jow-Tsong Shy1, 2
1. Institute of Photonics Technologies, National Tsing Hua University, Hsinchu 30013, Taiwan
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We have built a tunable single frequency laser using the master oscillator power amplifier
(MOPA) configuration. The laser has an output power over 1 W in the spectral range from 990
nm to 1030 nm. For further applications, the laser will be used to study the optogalvanic
spectroscopy of the atomic neon and Doppler-free two-photon spectroscopy of the He 21S0 → 31
D2 transition as well as used to excite atomic potassium from the ground state 4S through the
5P state to the highly lying Rydberg state nS (n > 20) for studying the ultracold potassium
Rydberg atoms.
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Hyperfine structure in 229gTh3+ as a probe of the
Th→229mTh nuclear excitation energy

229

g

Kyle Beloy1

We describe a potential means to extract the 229gTh→229mTh nuclear excitation energy from
precision microwave spectroscopy of the 5F5/2,7/2 hyperfine manifolds in the ion 229gTh3+. The
hyperfine interaction mixes this ground fine structure doublet with states of the nuclear
isomer, introducing small but observable shifts to the hyperfine sub-levels. We anticipate that
accurate atomic structure calculations may be combined with measurements of the hyperfine
intervals to quantify the effects of this mixing. Further knowledge of the magnetic dipole decay
rate of the isomer, as recently reported, allows an indirect determination of the nuclear
excitation energy.
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A search for ultra-low energy nuclear isomer state
of Thorium-229 -- New method using synchrotron
radiation X-ray source-K. Yoshimura1, H. Hara1, Y. Kobayashi2, K. Konashi3, R. Masuda2, T. Masuda1, Y. Miyamoto1, I..
Nakano1, N. Sasao1, M. Seto2, S. Uetake1, A. Yamaguchi4, Y. Yoda5, A. Yoshimi1, M. Yoshimura,
S. Watanabe3
1. Okayama University
2. Kyoto University Research Reactor Institute
3. International Research Center for Nuclear Materials Science, Tohoku University
4. RIKEN
5. Japan Synchrotron Radiation Research Institute

Thorium-229 has been known for its extreme low energy isomer state. The recent indirect
measurement of the energy level (~7.8 eV) implied that it could be excited with laser light and
many experimental techniques related to atomic- and molecular-physics could be adapted.
Since the nucleus is shielded by core electrons and relatively insulated from the influence of its
external field, it attracts a lot of interest from many fields, e.g. atomic clock, fundamental
physics, and etc. However, no direct evidence of excitation/de-excitation signal of thorium-229
isomer state was achieved so far.
Aiming to adopt this system as a target system for neutrino mass spectroscopy, we proposed to
search for the isomer state directly using intense X-ray source. In this conference, we will
describe the new search method and report recent result of the pilot experiment using
naturally abundant thorium-232 at spring-8, synchrotron radiation facility.
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Towards a measurement of the nuclear isomer
transition in Thorium-229
Simon Stellmer1, 2, Georg Winkler1, Matthias Schreitl1, Georgy Kazakov1, Enikoe Seres1, Joszef
Seres1, Thorsten Schumm1, 2
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The 229Th nucleus is unique as it possesses an extremely low-lying isomer state. Its energy is
expected to be about 7.8 eV [1], corresponding to a transition into the nuclear ground state of
160 nm. This transition has been proposed for a nuclear clock, which would be largely immune
against perturbations of the environment [2]. The transition frequency might be highly
sensitive to drifts in fundamental constants. A direct evidence of this transition, however, is
still pending.
We follow two approaches to confirm the existence of the isomer state and determine its
energy. The first approach employs a magnetic micro-calorimeter with supreme resolution. We
record the spectrum of gamma photons originating from the decay of excited nuclear states,
aiming to resolve the ground state doublet structure.
In a second approach, we directly excite the isomer transition using VUV light around 160nm.
The 229Th atoms are embedded into a VUV-transparent CaF2 host crystal, and we measure its
fluorescence as the laser is scanned across the resonance.
We report on the current status of these experiments.
References
[1] B. R. Beck et al., Phys. Rev. Lett. 98, 142501 (2007)
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Search for optical excitation of the low-energy
nuclear isomer of Th-229
Ekkehard Peik, David-Marcel Meier, Oscar-Andrey Herrera-Sancho, Nils Nemitz, Atsushi

1. Physikalisch-Technische Bundesanstalt, Braunschweig, Germany

Direct optical excitation of the nuclear transition between the ground state and the 7.8 eV
isomer in Th-229 is the missing link towards a study of this system as a precise nuclear clock.
We plan to use two-photon laser excitation via electronic bridge processes in Th+ [1]. In
resonant two-step laser excitation of trapped Th+ ions, we observe 43 previously unknown
electronic energy levels within the energy range from 7.3 to 8.3 eV [2,3]. The high density of
states promises a strongly enhanced nuclear excitation rate. Using laser ablation loading of the
ion trap and photodissociation of molecular ions that are formed in reactions of Th+ with
impurities in the buffer gas, we now efficiently load and stably store ions of the radioactive Th229 isotope. We have measured the hyperfine structure of the 402 nm resonance line and have
started a search for the nuclear resonance over the presently wide wavelength uncertainty
range.
References
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Th Optical Spectroscopy System for
Nuclear Frequency Standard

232

Andrey Krasavin1, Victor Troyan1, Petr Borisyuk1, Vitaly Palchikov1, 2, Alexey Sysoev1, Sergey
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The results are presented on comparison of different techniques of producing thorium ions:
from solid Th(NO3)4 and ThO2 compounds by laser ablation, from nitrate solution of 229Th and
232Th by inductively coupled plasma mass-spectrometry, and also from metallic thorium by
electron-beam evaporation.
The electron-beam evaporation technique provides a basis for the high-resolution optical
spectroscopy system developed at MEPhI, Moscow. This system allows performing the
following tasks:
to form a mass selective beam of singly and triply charged
resolution better than 1 amu;

229Thn+

and

232Thn+

ions with mass

to capture and hold multiply charged 229Thn+ and 232Thn+ ions coming from the mass selective
ion source with energy between 1 to 500 eV, in RF quadrupole linear ion trap;
to cool trapped

229Thn+

and

232Thn+

ions in buffer gas atmosphere to room temperature;

to proceed to high-precision research on optical and nuclear isomeric emission and absorption
spectra of 229Th isotope.
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Improving atomic clocks using coherence
preserving measurements
Andrea Bertoldi1, Etienne Cantin1, Ralk Kohlhaas1, Deepak Pandey1, Arnaud Landragin2,
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Atomic clocks have reached stabilities at the 10-18 level thanks to a tremendous progress in the
development of ultra-stable optical local oscillators (LOs). Nevertheless, the decoherence
source represented by noise of the local oscillator still limits the clock stability. We want to
remove this limitation using coherence preserving measurements of the atom-LO phase, to
achieve longer effective interrogation times. We implemented a non-destructive frequency
modulation detection for the measurement of the number difference on the 87Rb clock
transition. With this probe we could observe the real time evolution of a collective spin and
correct it using feedback [1].
References
[1] T. Vanderbruggen, R. Kohlhaas, A. Bertoldi, S. Bernon, A. Aspect, A. Landragin, and P. Bouyer, Phys. Rev. Lett.
110, 210503 (2013)
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Development of an ultra-stable universal
synthesiser for state-of-the-art frequency
metrology
L. A. M. Johnson1, H. S. Margolis1, T. I. Ferreiro1, R. A. Williams1, P. Gill
1. National Physical Laboratory

Technical details and evaluation results will be presented from a new femtosecond comb
system being developed at NPL to act as a ‘universal synthesiser’ for high accuracy frequency
metrology. This concept allows multiple frequency standards to benefit from the stability of a
single ‘master oscillator’, currently a Nd:YAG laser stabilised to a 30 cm-long ULE cavity with
fused silica mirrors and projected thermal noise of 1x10-16. A multi-branch fibre comb
simultaneously transfers the stability of the master oscillator to the microwave domain and to
several optical frequencies. The microwave signal will be used for interrogation of the NPL Cs
fountains, promising quantum projection noise limited performance. The optical frequencies,
designed for 10-16 level stability at 1 s, correspond to clock transitions in the Yb+, Sr+ and Sr
optical frequency standards at NPL. A 1.5 μm branch also allows remote comparison of these
standards with those in other laboratories over telecom fibres.
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Towards Optical Clocks and Coherent Frequency
Transfer in Sweden
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1. SP Technical Research Institute of Sweden, Borås, Sweden

MONDAY

Within SPs commitment as a National Metrology Institute (NMI), a program towards optical
clocks and coherent frequency transfer are being initialized. With the aid from Swedish Post
and Telecom Authority (PTS), we have recently been able to equip a new laboratory with an
optical frequency comb and an ultra-stable laser from Menlo Systems.
With this equipment as a foundation, SP are now working towards an optical lattice clock based
on strontium atoms. The system will be built with the aim of being robust and easy to upgrade.
The hope is that the system will be a future Swedish frequency reference and a source for
frequency transfer over optical fiber. Even without a fully operational clock, the ultra-stable
laser will allow for testing frequency transfer methods way below the 10-13 level.
The poster will present the research program in more detail, the current status, and our future
plans within the field.
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TACC - Trapped Atom Clock on a Chip
Christian Deutsch1, Vincent Dugrain1, Wilfried Maineult2, Ramon Szmuk2, Jakob Reichel1, Peter
Rosenbusch2
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Trapped atoms have grown in importance for atomic clocks and atom interferometers. Besides
optical lattice clocks, devices for in-the-field application benefit from the reduced volume
combined with high sensitivity. Here, chip-scale devices are particularly appealing. Operating a
clock with 87Rb trapped on a microchip [1], we evaluate the performance of such systems under
metrology conditions. At ultra-low temperatures, we have observed spin self-rephasing and 58s
coherence time [2]. Spectroscopy has revealed the underlying energy gap between pair-wise
singlet and triplet states due to s-wave interaction [3].
Here we present the clock stability of 6 10-13 at 1s and 6 10-15 at 30 000s. The absolute clock
frequency shows an evolution with Ramsey time, which we model using the spin self-rephasing
mechanism. We identify a range of parameters presenting particular advantages to the clock
operation. Our findings apply to any trapped atom sensor and may impact quantum information
processing.
References
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Compact Frequency Standard with Cold Atoms:
Transportable System
Stella Torres Müller1, Rodrigo Duarte Pechoneri1, Jair de Martin Júnior1, Caio Bueno2,
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The theoretical and experimental knowledge acquired with other standards are now employed
in the development of a mobile atomic frequency standard based on cold sample of cesium
atoms.
The basic principles shown previously allow us to build a new model of atomic clock with the
cold cloud expanding inside a cylindrical microwave cavity. The operation of this experiment is
different from conventional cold atoms fountains, since all the steps are sequentially performed
in the same place. In addition to this main characteristic, this new model is suitably compact to
allow several applications, where all the essential parts are being coupled in a single metal
block. All these parts (cavity, lasers, microwave chain, vacuum chamber and control system)
require mechanical and electrical stability, and an efficient vacuum. The metal block addition
to provide mechanical stability to the system will also obtain the thermal stability necessary for
the microwave cavity and lasers.
References
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Decoherence time of Ramsey fringes observed in a
cesium atomic fountain clock
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The Ramsey fringes of the cesium atomic fountain clock NMIJ-F2 were analyzed rigorously as a
function of the interefence time from 0.1 s to 0.7 s, which was adjusted by changing the
velocity of the launched atoms. The obtained fringes were fitted by the function of the
theoretical Ramsey fringes with a velocity spread. The analytical results showed that the
temperature spread of the vertical direction was 1.7 μK, which corresponds to the value
obtained from the measurement of time-of-flight. The visibilities of fringes as a function of the
interaction times were well fitted by a function of V(t)=V(0)exp[-g(t)t], where g(t) is the decay
rate that is proportional to an atom density. The corrected decoherence time was obtained to
be td =56 s. Such a long time will indicate that the quantization scale of gravity is longer than
3200LP m where LP is Plank length.
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