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Large magnetic storage ring and beamsplitter for BECs

M. Zawadzki, E. Riis, A. S. Arnold

SUPA, Dept. of Physics, University of Strathclyde, Glas@WONG, UK

Bose-Einstein condensates are stored i) am diameter vertically oriented magnetic ring trap.
After two revolutions in the ring the radial density distriton of the BEC is bimodal with the coolest
(condensed) fraction having a fitted radial temperaturé0afK and low loss propagation has been
observed over a total distancef2 m. BECs at the exact top of the ring are split into two counter-
rotating clouds which are recombined after one revolutidme ring is ideal for studying condensate
collisions (at1.4 m/s= 20 mK) and Sagnac interferometry (the enclosed area is anentagltiple

of 7200 mn?).

1A.S. Arnold, C.S. Garvie, and E. Riis, Phys. Rev. A 73, 041B)6(2006).
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Observation of a 2D Bose-gas: from thermal to
guasi-condensate to superfluid

A. Ramanathan, P. Cladé, C. Ryu, K. Helmerson, W. D. Phkillip

Joint Quantum Institute, University of Maryland and Natbinstitute of Standards and
Technology, Gaithersburg MD 20899-8424

We present experimental results on a Bose gas in the quage@betry near the Berezinskii, Koster-
litz and Thouless (BKT) transition temperature. By measyithe density profile, in situ and after
time of flight, and the coherence length of the gas, we idgdifferent states of the gas. In particular,
we observe that the gas develops a bimodal distributionowittong range order, which we identify
as the quasi-condensed non-superfluid phase. In this gtatgas presents a longer coherence length
than the thermal cloud, but shorter than that of the supdrflakperimental evidence seems to indi-
cate that we also observe the transition towards supetfliKT transition), where we observe a
clear discontinuity in the rate of change of the width of tlaeraw peak for short time-of-flight and
the sudden appearance of a trimodal distribution at long dfrflight.
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Theory of Bose-Einstein condensate interferometry

B. J. Dalton

ARC Centre for Quantum-Atom Optics and Centre for Atom Gptiel Ultrafast Spectroscopy,
Swinburne University of Technology, Melbourne, Victorl23, Australia

Bose-Einstein condensates (BEC) in cold atomic gases arardign system on a macroscopic scale.
At near zero temperature essentially all bosons occupy d saraber of single particle modes — in
the simplest situations only one mode. Interferometryg8E&Cs (such as splitting a trapped BEC
into two traps and then recombining the BECs ) offers a psgitecision improvement given by the
square root of the boson number. For non-interacting boaondssolated BECs, the quantum corre-
lation functions' describing interference experiments display clear ieterhetric effects. However,
even for isolated BECs, internal boson-boson interactaamsstill result in de-phasing (associated
with transitions within condensate modes) and decohereffieets (associated with transitions out of
condensate modes) that degrade the interference pattern.

A theory of decoherence and dephasing effects has beerogedefor BEC interferometry using a
phase space method where the density operator is reprédgnte phase space distribution func-
tional 2, with highly occupied condensate modes described via thgnivirepresentation and the
basically unoccupied non-condensate modes via the posttivepresentatioh . The theory has
now been generalised to apply to an interferometry regimergvhip to two condensate modes can
have a macroscopic occupancy, as may occur in double-well BEerferometry. A mean field
theory for treating dephasing effects based on a two-mopeoajmation® has previously been de-
veloped, leading to generalised coupled Gross-Pitaeeskiations for the mode functions. For the
new phase space treatment allowing also for decohereredffto stochastic equations for conden-
sate and non-condensate fields have been obtained fromrHBlkdack equations for the distribution
functional after applying truncation approximations. @tastic averages then give the quantum cor-
relation functions.

1R. Bach and K. Rzazewski, “Correlation functions of cold disin an optical lattice”, Phys. Rev. A 70,
063622 (2004).

2M. J. Steel, M. K. Olsen, L. I. Plimak et al, “Dynamical quamtuoise in trapped BECs”, Phys. Rev. A 58,
4824 (1998).

3B. J. Dalton, “Theory of Decoherence in Bose-Einstein Cosdee Interferometry”, J. Phys: Conference
Series 67, 012059 (2007).

4S. E. Hoffmann, J. F. Corney and P. D. Drummond, “Hybrid pksgssce simulation method for interacting
Bose fields”, In Press, Phys. Rev. A.

5B. J. Dalton, “Two-Mode Theory of Bose-Einstein Condensaterferometry”, J. Mod. Opt. 54, 615 (2007).
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All-optical production of chromium Bose-Einstein
Condensates.

B. Laburthe-Tolra, Q. Beaufils, R. Chicireanu, T. Zanon, Eréthal, L. Vernac, J. C. Keller,
0. Gorceix

Laboratoire de Physique des Lasers, CNRS UMR 7538, Unigedraris 13, 99 Avenue J.-B.
Clement, 93430 Villetaneuse, France

We report on Bose-Einstein condensation of chromium atonasdrossed optical-dipole trap. This
achievement should allow us to study the effect of large ldigépole interactions in the Bose-
Einstein condensate (BEC), related to the large magnetimenb of Cr atoms. In our experiment,
both ®2Cr and®3Cr atoms can be simultaneously cooled and trappefio reach BEC witt?2Cr,
we first accumulaté®Cr atoms in an optical dipole trap from a magneto-opticad.tfeo limit light-
assisted collisions, we optically pump the atoms into ntebds states during the loading of the trap.
To optimize the loading, and to trap all Zeeman states, wéydpgt radio-frequency sweeps to the
atoms, so that their spin state alternates between oppedites. This averages out magnetic forces
acting on the atonswhich improves the loading rate by a factor of roughly 5. Wert repump the
atoms to their absolute ground state, and perform evaperatioling in a crossed optical dipole trap,
to reach Bose-Einstein condensation after4 s
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Figure 1: Evidence for BEC. We show the ballistic anisotropic expamsif the BEC after it is
released from the trap, as well as two cuts through absongtizages, showing (1) a bimodal distri-
bution at 150 nK and (2) a pure BEC (at en even colder tempegatu

1R. Chicireanu et al., Phys. Rev. A3, 053406 (2006).
2Q. Beaufils et al., Phys. Rev. 77, 053413 (2008)
3Q. Beaufils, et al., Phys. Rev. 27, 061601(R) (2008)
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Quasi-2D Bose Einstein condensation of Cooper pairs and
high T, superconductivity

C. Villarreal', M. de Lland

nstituto de Fisica, Universidad Nacional Autbnoma dexido, Mexico City, 04510, Mexico
2Instituto de Investigaciones en Materiales, Universidatidnal Autbnoma de México, Mexico
City, 04510, Mexico

Cuprate superconductors comprise layered structurel/ingdouckled Cu@ planes separated by a
relatively large distance 12 A along the c axis. Itis generally accepted that supercoilydiakes
place within the Cu and O planes, a short distano@2 A apart. Although highl. superconductors
share many characteristics common to normal supercormguétés not clear whether a BCS theory
is satisfactory to explain the main differences such ag thigh critical temperature, or their short
coherence lengtk 10 A.

We propose that higliz. superconductivity in cuprate materials may be describednbgns of a
Bose-Einstein condensate of excited Cooper pairs constiab propagate within quasi-2D layers
of finite width ¢ defined by the Cu@planes. With that purpose, the problem of Bose-Einstein
condensation is studied for low-dimensional systemsfgatisa linear energy-momentum dispersion
relation. Thermodynamic quantities such as number demsigrgy density, specific heat, and critical
temperatureq.) are evaluated as a function &f We show thafl’? « dn,, beingn, the condensate
density, consistently with recent experimental findingséverely underdoped cuprate materials.
Furthermore, for atomic layer widths 1 A, a critical temperatur@,. ~ 100 K is obtained.
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Bragg scattering from a Bose-Einstein condensate near a
Feshbach resonance

C. Sahlberg, R. J. Ballagh, C. W. Gardiner

Jack Dodd Centre for Photonics and Ultra-Cold Atoms, Depent of Physics, University of
Otago, P.O. Box 56, Dunedin, New Zealand

Feshbach resonances have been used in a number of expsrimemdnipulate the inter-atomic in-
teraction strength of bosonic atoms, and to partially caremic condensates into molecular con-
densatés In a recent experiment, Pagpal? have used Bragg spectroscopy to probe the behaviour
of a strongly interacting Bose-Einstein condensat®’ Bb, near the Feshbach resonance at 155 G.
We present a theoretical model for Bragg scattering from seHginstein condensate in the vicinity
of a magnetic Feshbach resonance. The model employs twe,fagld/hich the first corresponds to
atoms and the second corresponds to the pairing of atomsniolieculed, and we tune the binding
energy of the molecules to model the Feshbach resonancéeadgociated increase in the effective
scattering length. We use a classical field Projected GPitsgvskii formalisrf, and we discuss the
relevance of our results in modelling the experiment of Retgp..

1E. A. Donley, N. R. Claussen, S. T. Thompson and C. E. Wiematys (London}$17, 529 (2002)

2S. B. Papp, J. M. Pino, R. J. Wild, S. Ronen, C. E. Wieman, DinSardd E. A. Cornell, arXiv:0805.0295v1.
SE. Timmermans, P. Tommasini, M. Hussein and A. Kerman, PRgg. 315, 199 (1999)

4P. B. Blakie and M. J. Davis, Phys. Rev.7&, 063608 (2005)
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Numerical Investigation of Contrast Degradation of BEC
Interferometer

Chien-Nan Lid, G. Gopi Krishnd, Shinichi Watanalfe

!Department of Physics, Fu-Jen Catholic University, Tag#205, Taiwan
2Department of Applied physics and Chemistry, Universitiglettro-Communications, 1-5-1
Chofugaoka, Chofu-shi, Tokyo 182-8585, Japan

We use a single wave function description under the framlewbithe mean field approximation
to study the dynamics of a split condensate in various typextam interferometers using Bragg
diffraction. Our goal is to explore ways to improve, or if pdge, optimize the contrast of the
interference signals. Two strategies are introduced topemsate for the relative shift in momenta
or spatial displacement between the two recombining coisndue to the atomic interaction or
the trapping potential by manipulating the recombinatiais@. One is to introduce a time lag; the
other is to introduce a frequency shift. We account for thgra@ation as well as the optimization of
the contrast based on the wave function properties in batfiggoation and momentum spaces. In
trapless situation, both schemes can improve the contragthier a Mach-Zehnder (MZ) or Double-
reflection (DR) interferometér In the presence of trapping, while a DR interferometer cainbe
fixed by either of the optimization schemes, a MZ interfertanean be improved only by thak
scheme. In contrast, a dephasing-free interferorhiteery effective and the contrast of interference
signal can be improved by either optimization schemes.

0.8

o
o

Contrast

o
>

0.2

-0.2 -0.1 0 0.1
AT

Figure 1: The contrast of a MZ interferometer as a function of the tiage ¢f the recombination
Bragg pulseAT in the absence of trapping for two different atom numbers3089 (solid square)
and N=8000 (open square).

10. Garcia, B. Deissler, K. J. Hughes, J. M. Reeves, and C. &ke$a Phys. Rev. A4, 031601(R) (2006).
2M. Horikoshi and K. Nakagawa, Phys. Rev. Lei8, 180401 (2008).
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Yang-Yang Thermodynamics on an Atom Chip

A. H. van Amerongeh, J. J. P. van Es P. Wické, K. V. Kheruntsyar, N. J. van Druteh

1Van der Waals-Zeeman Instituut, Universiteit van Amsterdehe Netherlands
2ARC Centre of Excellence for Quantum-Atom Optics, Unitsec§iQueensland, Brisbane,
Australia

We investigate the behavior of a weakly interacting neang-dimensional (1D) trapped Bose gas
at finite temperaturé.The experiments employ a gas of ultracBléRb atoms, magnetically trapped
by a microfabricated current-carrying structure, an “atnp”. We performin situ measurements
of spatial density profiles and show that they are very wedicdbed by a model based on exact
solutions obtained using the Yang-Yang thermodynamic &ism? The comparison is done in a
regime where other, approximate theoretical approaclied fas constitutes the first direct compar-
ison between experiments on the 1D Bose gas and theory baske &ang-Yang exact solutions.
Furthermore, we use Bose-gas focusing to probe the equitibaeixial momentum distribution of the
gas, a quantity for which the Yang-Yang solutions do notdyetlirect prediction. Our results estab-
lish a new and strong link between experiments on low-dinoeas quantum gases and exact theory
for interacting quantum many-body systems at finite tentpeza

1A. H. van Amerongeretal., Phys. Rev. Lett1l00, 090402 (2008)
2C.N. Yang and C. P. Yang, J. Math. Phys. (N.}0) 1115 (1969)
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Coherent modes excitation by modulation of interaction in
a BEC

E.R. F. Ramo§ E. A. L. Henrl, J. A. Semah, M. Caracanhds K. M. F. Magalhze,
V. I. Yukalov?, V. S. Bagnatd

!nstituto de Fisica de S&o Carlos, Universidade de Sadda
Caixa Postal 369, 13560-970, Sao Carlos-SP Brazil
2Bogolubov Laboratory of Theoretical Physics,

Joint Institute for Nuclear Research Dubna 141980, Russia

The coherent states of a trapped Bose-Einstein conder3&ate) @re described by the solutions to
the Gross-Pitaevskii equation (GPE). To transfer BEC frioeground to a nonground state, it is nec-
essary to apply a time-dependent perturbation, with theufeacy close to the considered transition,
as a result of which the resonantly excited condensate ceespan effective two-level system. The
external fields, considered in the previous wdrkeere formed by spatially inhomogeneous alternat-
ing trapping potentials. In this work, we proposed a newniéglre for creating nonground-state BEC
in a trapping potential by means of the temporal modulaticat@mic interactions. The main idea is
to superimpose onto the BEC an uniform magnetic field witmeetvariation of a small amplitude.
Due to the Feshbach resonance effect, such oscillatorydieltes an alternating modulation of the
scattering length. We show that, due this modulation, ibissible to transfer coherently atoms from
the ground to a chosen excited coherent state. It is alsorstioat there occurs a phase-transition-
like behavior in the time-averaged population imbalandg/ben the ground and excited states. The
application of the suggested technique to realistic erpamntal conditions is analyzed and it is shown
that the considered effect can be realized for experimigragailable condensates.

V.. Yukalov, E.P. Yukalova, and V.S. Bagnato,Phys. Re%6A4845 (1997)66, 043602 (2002).
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Vortices formation by oscillatory excitation of a BEC

E. A. L. Henrt, J. A. Semah, E. R. F. Ramads M. Caracanhds E. P. Olimpid, P. Castilho,
G. Roatf, D. V. Magalhze$, K. M. F. Magalhaes, V. S. Bagnatb

nstituto de Fisica de S&o Carlos — USP — Brazil
2LENS and Dipartamento di Fisica, Universit di Firenze, INBENd CNR-INFM, Italy

Vortices in quantum fluids are a remarkable manifestatiothefquantum nature in a macroscopic
scale. More than that, vortices are intrinsically relatedguperfluidity and hence their observation
allows a convenient visual signature of such state. Vstlt@ve been produced in many different
ways. The most used technique is to use a laser beam focutfeel tondensate moving faster than
the critical velocity!. Besides the already existent variety of techniques to rgémeortices, new
techniques can always provide new and exciting ways to explos topic. In this work we present
a new technique to nucleate vortices in a BEC, where the fiefeegted by a set of two coils is
superimposed to the trapping field creating a sphericalmpade field, which is slightly misaligned
with respect to the symmetry axis of a QUIC trap. The currerié coils is periodic in time and this
oscillatory excitation couples to the condensate nucigatbrtices. As a function of the amplitude
of oscillation of the external magnetic field we observe sghdifferent behaviors of the condensate
cloud. For small amplitudes the condensate oscillate its &ixcreasing the amplitude we observe the
formation of one, two, three or more vortices in the cloud ascan see in the figure below. Above
a certain amplitude of oscillation we observe uncountabltices in every direction and this may be
an evidence of a turbulent regime in the cloud. The mechaniewolved in the vortices nucleation
are not completely understood. Vortices can either be dtleet@xcitation of surface modes of the
condensate due to the oscillatory motion of its center-aésror due to the phase imprint as described
in the theoretical proposal by Mottonen et.al

Figure 1: Images of several vortex configurations in Bose-Einsteitdensates observed with our
off-axis excitation technique.

1S. Inouyeet al,, Phys. Rev. Lett87, 080402 (2001)
2M. Mottonenet al,, Phys. Rev. Lett99, 250406 (2007)
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Corrections to Thomas-Fermi approximation for finite
temperature condensate:theory and experiment

M. Caracanhds J. A. Semah, E. A. L. Henrl, E. R. F. Ramok E. P. Olimpid, G. Roatf,
K. M. F. Magalhae}, V. S. Bagnatb

Hnstituto de Fisica de S&o Carlos — USP — Brazil
2LENS and Dipartamento di Fisica, Universit di Firenze, INBNd CNR-INFM, Italy

The experiments with Bose-Einstein condensates of alleaeg have been successfully described
within Thomas-Fermi approximation. At zero temperaturer¢his no thermal cloud and and an
explicit analytical relation between the condensed clazeland parameters of the confining potential
shows that R°N; ' = cte, where Ny is the number of condensate atoms dhds the Thomas-
Fermi radius. Increasing number makes the size of the closddle following this relation.

At non-zero temperature, significant interaction betwédendondensate and the thermal cloud can
modify the Thomas-Fermi relation, producing a dimensiartlie condensate cloud that depends on
the condensate fraction. In our experimental setup, thiengence was measured and the result is
shown in Fig.1. While large condensate fractions seemsae ﬂ?Ngl tending to a constant, small
fractions show significant deviation.

To explain our results we construct a Thomas-Fermi modelgvae explicit interaction between the
condensate atoms and the thermal cloud is taken into accdlenbbtain a semi-classical expression
to determine the chemical potential as a function of the tsatpre.(7"), and hence expressing the
relation R> N, at different temperatures beldiv.. The resulting expression is given by

_ P,
R°Ny ' = 71 (14 P(1—7)], ®3)
wherey = No/N, P, is a constant depending d% andw and P is a universal function. The

model is shown as a solid line in Fig.1.
Acknowledgments: Fapesp, CNPqg and CAPES.
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Figure 1:Dependence of the Thomas-Fermi radius as a function of thdertsed fraction showing
deviation for smaller fractions of condensed atoms.

1C. J. Pethick and H. Smith, Bose-Einstein Condensation lit®Gases, Cambridge University Press (2002)
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A Smooth, Inductively Coupled Ring Trap for Atoms

P. F. Griffin, E. Riis, A. S. Arnold

Department of Physics, University of Strathclyde, Glasg®®%O0NG, UK

We propose and numerically investigate a scalable ringfsapold neutral atoms that surmounts
problems of potential roughness and end-effects of trapswiA stable trapping potential is formed
about an electrically isolated, conducting loop in an acmedig field by time averaging the superpo-
sition of the external and induced magnetic fields. The almi#tyaof micro-fabrication of these ring
traps offers the possibility for developing atom interfetry in atom-chip devices.

We consider a single, closed conducting loop of radius,, formed from a conductor of circular
cross-section, radius,ire, immersed in a uniform magnetic field, directed perpendictd the plane
of the ring and with an amplitude that varies sinusoidallytime. This driving field and the field
due to the induced current in the conductor cancel symnadliriln a ring a small distance inside
the metal loop, Fig. 1. The radius of this ring varies in tirbat if the magnetic potential varies
at a frequency much greater than the atomic motional frezjgsrthen a single trapping radius is
found by averaging the field over one cycleFig. 2 shows the time-averaged potential for realistic
experimental parameters.

In addition to the clear benefit of no end wires the inducgivebupled ring trap has the further
advantage in that it surmounts the problem of trapping piateroughness caused by the deviation of
the current flow from the ideal path through the wire. As wagntly demonstrated, these corrugation
effects are greatly reduced when ac currents are fisédr the configuration considered here this is
of relatively minor importance as the distance from the war¢he trapping point is comparatively
large, but the general concept of an inductively coupled tiap scales to much smaller dimensions
and is ideally suited for micro-fabrication.

Figure 1: Schematic of the instanta- ° r (mm) r (mm)
neous vector fields for the ring trap. The
grey—scale in the field slice indicates
field magnitude and arrows the field
direction.

Figure 2: Magnetic potentials;a), no additional
fields, b), with additional dc quadrupole field. The
time—averaged trap minima are marked and the
instantaneous zeroes of the B—field dy

1p.F. Griffin, E. Riis and A.S. Arnold, Phys. Rev. 7%, 051402, (2008).
2).-B. Trebbizet al,, Phys. Rev. Lett98, 263201, (2007).
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Formation of vortices in a dense Bose-Einstein condensate

V. P. Barro$, Ch. Moseley, A. Gammat, K. Ziegler

Hnstituto de Fisica, Universidade de S&0 Paulo C.P. 6685315-970, S&o Paulo, Brazil
2Institut fur Physik, Universitat Ausgburg, D-86135 Abggsy, Germany

We consider a rotating dense Bose-Einstein condensateanEashbach resonance, where strong
interaction effects appear. A relaxation mettidd employed to study this system beyond Thomas-
Fermi approximation. We use a slave-boson médeldescribe the strongly interacting condensate
and derive a generalized non-linear Schrodinger equatitnkinetic term for the rotating conden-
sate. In comparison with previous calculations, based amiEs-Fermi approximation, significant
improvements are found in regions, where the condensatetri@papotential is not smooth. The
critical angular velocity of the vortex formation is hightéan in the Thomas-Fermi prediction.
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Figure 1: Critical angular velocity calculated using the Gross-Riteskii (GP) equation and and
slave-boson (SB) approach. Calculations where performi¢id Thomas-Fermi(TF) approximation
and full calculations with the kinetic term (full)V, is the number of particles in the condensate. For
the SB approach we usétd = 10, that is related tg3 = 1/kpT by scaling parameters.

IM. Brtka, A. Gammal and L. Tomio, Phys. Lett. A 359, 339 (2006)
2C. Moseley and K. Ziegler, J. Phys. B: At. Mol. Opt. Ph¢§, 629 (2007).
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Experiments on Bose-Einstein Condensate 6fRb
in Finite Temperatures

M. Witkowski®, R. AbdouF, R. Gartmad, J. SzczepkowsKj J. ZachorowsKi, M. Zawada,
W. Gawlik*

Hnstitute of Physics, University of Opole, Opole, Poland
?Institute of Physics, Nicolaus Copernicus University,ufgrPoland
3Institute of Physics, Pomeranian University, Stupsk, Rdla
4Institute of Physics, Jagiellonian University, Krakoval@hd

We report on our experiments on the dynamics of a mixture o€ Bith thermal atoms at tempera-
tures close to critical temperature. We have developed hadeif an accurate analysis of absorptive
images based on a reliable method of separation of the thamdaBEC contributions. Using this
method for analysis of the evolution of the atomic sampleas¢d from the magnetic trap, we ob-
serve changes of the BEC aspect ratio as a function of the BEQ@&om number) and the ratio
between thermal and condensed atom numbers. For pure sndikmrsates we observe departure
from the Thomas-Fermi (TF) model but good agreement withGtess-Pitaevskii (GP) theory (Fig.
1a). However, for mixtures of BEC and thermal atoms, the GBehworks well only if the conden-
sate fraction comprises a small number of atoms. For migtwieere the BEC fraction is sufficiently
big to justify the TF approximation, we observe departuresifthe GP picture (Fig.1b). We attribute
this departure to extra interactions between the BEC andhilecloud.

This work has been performed in KL FAMO, the National Laboratof AMO Physics in Toruf and
supported by the Polish Ministry of Science.

| 13
I N
-
1,4 \ L
o o124
= = -
© A ©
g [N g P
a 21,1 e
012 £ 7] N ~+
A Preglae < i
SoouRs o
T ol 1,0
1,0
0 20 40 60 0,0 0,2 0,4 0,6
Atom number x103 Condensate fraction

Figure 1:Aspect ratio of (a) a pure BEC vs. the condensate size (atonter); (b) BEC in a mixture
with a thermal cloud vs. the condensate fraction. Soliddiae both plots are predictions of the GP

theory.

1F. Gerbier, J. H. Thywissen, S. Richard, M. Hugbart, P. Bouged A. Aspect, "Experimental study of the
thermodynamics of an interacting trapped Bose-Einstemiensed gasPhys. Rev. A70, 013607 (2004)
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Double species Bose-Einstein condensate with tunable
interspecies interactions

G. Thalhammeér, G. Barontint, J. Catarfi?, L. De Sarld, F. Minardi?, M. Inguscid?

'LENS - European Laboratory for Non-Linear Spectroscopy Bihrtimento di Fisica, Universita
di Firenze, Sesto Fiorentino (Firenze), Italy
2CNR-INFM, Sesto Fiorentino (Firenze), ltaly

We characterize two interspecies Feshbach resonances &osde-Bose mixturé” Rb="'K, with

both species in the lowest Zeeman staBy means of these Feshbach resonances, occurring aroun
35 G and 79 G, we are able to produce a double species BoseiBigsndensate with tunable
interspecies interactions. We demonstrate that we carewaehhe double BEC on both sides of
the Feshbach resonance at 79 G, with attractive and repuilsigractions. While a BEC of two
different species has been obtained edrffet, we provide for the first time a double species BEC
with tunable interactions. We also locate the positionsaoiishing interspecies scattering length, i.e.,
the zero-crossings. This is especially relevant to expleeequantum phases of the double-species
Bose-Hubbard mod&|

1These Feshbach resonances have been predicted by A. Si@siccanti, C. D’Errico, M. Fattori, G. Roati,
M. Inguscio, and G. Modugno, Phys. Rev. A 77, 052705 (2008)

2G. Modugno, M. Modugno, F. Riboli, G. Roati, and M. Ingusdihys. Rev. Lett. 89, 190404 (2002)

3S. B. Papp, J. M. Pino, and C. E. Wieman, arXiv:cond-mat/CQEE21

4J. Catani, L. De Sarlo, G. Barontini, F. Minardi, and M. Ingias Phys. Rev. A 77, 011603(R) (2008)

5E. Altman, W. Hofstetter, E. Demler, and M. D. Lukin, New JyBh5, 113 (2003)
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All-optical production of “Li Bose-Einstein condensation
using Feshbach resonances

N. Gross, L. Khaykovich

Department of Physics, Bar-llan University, Ramat-Garf@2Israel

Evaporative cooling of Li atoms in a magnetic trap is a challenging task due to skvessons'.
First, the atoms posses a relatively small scattering feagt a high two-body loss rate Second,

the initial phase space density is unfavorably limited leydbsence of polarization-gradient cooling
mechanism. Third, since the scattering length drops witheimsed temperature and crosses zero at
T = 8 mK 2, the use of adiabatic compression to increase the eladtisiooal rate is ineffective.

In this work we show an all-optical method of makifbi condensate using the tunability of the
scattering length in the proximity of a Feshbach reson&nd#e report the observation of two new
Feshbach resonances pfi = 1,mr = 0) state. The narrow (broad) resonance7ot (34 G)
width is detected a831 + 4 G (8841“1*3 G). Position of the scattering length zero crossing between
the resonances is found &6 + 4 G. The broad resonance is shown to be favorable for run away
evaporation which we perform in a crossed-beam opticalleipap derived from a 100 W Ytterbium
fiber laser. Starting directly from a phase space densitynodgneto-optical trap we observe a Bose-
Einstein condensation threshold in less than 3 s of forcagaation.

Atom density [1e4/mm]

Figure 1: On-set of BECIn-situ absorption imaging of atoms at the BEC threshold.e Tther-
mal atomic cloud is fitted with a Bose-Einstein distributfanction which yields the temperature of
380 + 40 nK. The number of atoms in the BEGNs700.

1C.C. Bradleyet. al, Phys. Rev. Lett.75, 1687 (1995); F. Schreckt. al, Phys. Rev. A64, 011402(R)
(2001); R. Wanget. al, ibit. 75, 013610 (2007)

2E.R.l. Abrahanet. al, Phys. Rev. A5, R3299 (1997).

3J. Dalibard, inBose-Einstein Condensation in Atomic Gasesoceedings of the International School of
Physics Enrico Fermi, edited by M. Inguscio, S. Stringant &£. Wieman (AIOS Press, Amsterdam, 1999).

4N. Gross and L. Khaykovich, Phys. Rev.7%, 023604 (2008).
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Resolving and Addressing Spin-1 BECs in Individual Sites
of a CO,-laser Optical Lattice

E. Bookjans, C. Hamley, G. Behin-Aein, P. Ahmadi, M. Chapman

Department of Physics, Georgia Institute of Technologigma, GA 30332, USA

We report on the direct production of an array of up to 30 irttetent®”Rb spin-1 BECs in a large
period standing wave potential created by a.d@ser. Using a high resolution imaging system,
we optically image the individual lattice sites. Additidiyasingle sites are selectively addressed
in a magnetic field gradient using microwave transitions.is®ystem is ideally suited for many
applications ranging from quantum information processtagimulation of solid state systems, and
to studies of condensates with small numbers.

We also present high resolution photoassociation spectpyf a®” Rb spin-1 BEC to the 1g @-2)
v=152 excited molecular state manifold. We demonstrateisiesof spin dependent photoassociation
to experimentally identify hyperfine-rotation structurfetioe molecular state. These identifications
are compared to a hyperfine-rotational Hamiltonian for Heiiedse (c) which closely accounts for
the frequency splitting of all observed hyperfine states.héfee also identified the molecular states
that are solely created through total spin 0 or 2 scattefiragcels.
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Towards Dual BEC: Zeeman slower approach

M. Gibbs, A. Seltzman, E. Thiemann, T. Ishikawa, G. TellesR@man

School of Physics, Georgia Institute of Technology, A#aGA 30332, USA

We present the features of an experimental apparatus afigdmiilt to produce and investigate dual
species atomic Bose-Einstein condensate¥ df and®”Rb. The system has many interesting ca-
pabilities including a dual oven with a distillation chamler safe handling, the ability to generate
kilogauss magnetic fields, and high optical access. Ouroagprincorporates a Zeeman slower,
capable of delivering a large flux of both Na and Rb atoms toapéured in a dual species magneto-
optical trap, see Fig.1 below. LatéfRb atoms are sympathetically cooled by large numbefsio
atoms, evaporativelly cooled down to the quantum degeneyse are interested in observing quan-
tum statistical effects, interaction tuning, and produrciof heteronuclear ultracold dimer molecules.
Future experiments and ideas may be presented.

Figure 1: Absorption images of our overlapped two species magneife (MT) of:a)?*Na; and b)
87Rb. We have been able to load around Na atoms and 10%7Rb in our MT.
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Generating Nonclassical States in Atom-Optics via Self
Interaction.

S. A. Hainé*2, M. T. Johnssoh?

! Australian Research Council Centre for Excellence in QuamAtom Optics
2University of Queensland, Brisbane, Australia
3 Australian National University, Canberra, Australia

The creation of the optical laser and the development of yuarmptics has allowed tests of many
fundamental properties of quantum mechahid$e ability to create quantum squeezing is an impor-
tant prerequisite for many of these tests as it allows thatine of continuous variable entanglement
between the amplitude and phase of two spatially separgtéchbbeams. With the advent of the
atom laser, there is much interest in creating a squeezedabzam as it allows us to revisit many
of these tests using massive particles rather than phoftos lasers are also of interest for preci-
sion measurement. Interferometry using massive parfix@nises hugely increased sensitivity over
that available optically. As one example, given equal esedioarea and particle flux, the sensitivity
of atom interferometer gyroscopes exceeds that of photpyioscopes by a factor afo!! 2. A
seemingly obvious route to take advantage of this featutleeisise of atom lasers in interferometry.
However, the fundamental limit to the sensitivity of any m@@ment will be the atomic shot noise.
The sensitivity can be increased by quantum squeezing.e2angeis arguably more important in an
atom interferometer, as the flux cannot be increased aribjtra

We propose a method for generating quantum squeezing inaptical systems. We show that it is
possible to generate squeezed atom lasers, and BosekErmteensates with squeezed occupation
numbers by utilising the nonlinear atomic interactionssealibys-wave scatting. We develop an
analytic model of the process which we compare to a detaileimode stochastic simulation of
the system using phase space methods, and show that sighificedrature squeezing can be gener-
ated, and that this squeezing is easy to control by adjuptingmeters such as the outcoupling rate.
Furthermore, we show that by interfering two atom laser ksefom the same condensate, we can
convert quadrature squeezing into intensity squeezinghénad the beams, or intensity difference
squeezing between the two beams, independent of the ipitade statistics of the condensate. Fi-
nally we show that significant squeezing can be obtained iexperimentally realistic system and
suggest ways of increasing the tunability of the squeéziviée propose a simple method for creating
BEC's with squeezed occupation numbers, via a similar ntetho

1A. Aspect et al., Phys. Rev. Le#9, 91 (1982).
2T. L. Gustavson, P. Bouyer, and M. A. Kasevich, Phys. Reu. [7& 2046 (1997).
3M. T. Johnsson and S. A. Haine, Phys. Rev. L@&.010401 (2007).
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The cranked-Hartree-Fock-Bogolibov description for
Fragmented Bose-Einstein Condensates

N. Hamamotd, M. 0i*3, N. Onisht'

integrated Information Processing Center, Niigata Unaity, Japan
2Department of Physics, University of Surrey, UK
3Nuclear Theory Division, RIKEN, Japan
4Department of Information System, Tokyo InternationaMgrsity, Japan

A possibility of a fragmented Bose-Einstein condensateH§EBwas suggested in 1982 by Nozieres
and Saint James, for an infinite system. The realization ®BEC in the finite trap stimulated
reinvestigations of a possible FBEC in the trap. Recenilygt. al. pointed out that a FBEC is real-
ized for a 2-dimensional Bose system in an isotropic harmtmbp, using the exact diagonalization
techniqué.

We recently developed a computer code based on the crankebét&ock-Bogoliubov (CHFB)
theory so as to calculate the yrast states of rotating olitd-Bose gases®. In the CHFB theory, the
creation and annihilation operators for the ground srdpe(() are not set to be/N, whereN is the
number of atoms. Then, the quasi-particle operaﬁ@rai are given a&j = Za Uaicl, + Vaica,

a; = Za Ul.co + V7l wherea includes both the ground and excited states. Therefore, the

ground state is not expressed as the coherent state, bug hdhlessian ansaty’ exp(fagclcg).
Different from the Gross-Pitaevski approach, this ansazefunction can represent a fragmented
condensate in which macroscopic occupations are made tiplawdingle-particle states.

Within the framework of the CHFB theory, we developed a méttalled “Valence Field Expansion”,
which enables us to calculate matrix elements of an ariavody interaction.® Using this new
technique, we calculate the yrast states of interactinggeBases in a deformed trap through the
type interaction. In this work, we show that the yrast stagnges its nature from a fragmented BEC
to a single BEC as the trap potential gets deformed. We ams$ conditions for the fragmented
and single BEC to be formed in terms of the deformation of thp &ind the strength of a 2-body
force.

Deformed (beta=1.0) (beta=0.2) Spherical (beta=0)
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Figure 1:Eigenvalues of the density matrix as a function of angulamaatum for a rotating Bose
gas with the total particle numbe¥ = 10. A FBEC and a single BEC are produced in the spherical
(right) and deformed (left) traps, respectively.

1Xia-Ji. Liu et. al. Phys. Rev. LetB7 030404 (2001)

2N. Hamamoto, M. Oi, N. Onishi, “Cranked Hartree-Fock-Bagbbv calculation for rotating Bose-Einstein
condensates”, Phys. Re¥.75, 063614 (2007)

3N. Hamamoto, M. Oi, N. Onishi, in preparation.
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Quantum Brownian Motion in a Bose-Einstein Condensate

S. E. Hoffmann, P. D. Drummond

ACQAOQ, School of Physical Sciences, University of QueadsBrisbane 4072, Australia

Classical Brownian motion is the random walk of a particd&gé enough to behave classically, due
to collisions with the molecules of the fluid in which it is inemsed. The theoretical understanding
of this process was one of the efforts that earned a Nobet RrizAlbert Einstein, and involves the
fundamental connection between fluctuations and dissipati

We propose to investigate an analogous system in which goantechanics must play a central
role: A single impurity atom (or a small number) immerse@iBose-Einstein condensate (BEC) of
a different species. We refer to the behaviour of the imp@#t quantum Brownian motion.
Experimental realization of such a system may be possiblesing optical tweezers to place a small
number of rubidium atoms in a sodium BEC, for example.

We apply quantum field-theoretic techniques and phasesgpathods to investigate two questions.

e What is the behaviour of an impurity atom when placed into £Ba state that is localized
on a scale much smaller than the extent of the BEC and thaehaszerage momentum? The
observables we investigate in direct phase-space simoogaéire the position and momentum
densities of the impurity, to see whether the spreadingafdatee position wavepacket is influ-
enced by its environment. Self-trapptén which the impurity creates a potential minimum
for itself by distorting the BEC, is seen to play an importedie.

e What is the behaviour of the impurity when introduced withomzero average velocity? We
have theoretical expectations concerning this problerhahdau’s picturg, an impurity mov-
ing through a superfluid BEC has no mechanism for energy topidnons if the velocity is
below the speed of sound for the medium. Recent experimedtsh&oretical investigations
have called into question some of the details of this pictareexperiment on laser stirring of
a trapped condensate found a critical velocity for energgigation much less than the speed
of sound due to the emission of vortices. A recent calcutitis the drag force on a moving
(classical) obstacle in a BEC found a nonzero drag force dovezero velocity.

We investigate these questions with direct phase-spaagations, providing a completely quantum-
mechanical treatment of the BEC and the impurity.

1H. Pu and N.P. Bigelow, Phys. Rev. LeB0, 1130 (1998)
2L.D. Landau, J. Phys. (USSR) 71 (1941)

3C. Ramaret al. Phys. Rev. Lett83, 2502 (1999)

4D.C. Roberts, Phys. Rev. 24, 013613 (2006)
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Guided-wave atom interferometer with mm-scale arm
separation

J. H. T. Burke, B. Deissler, K. J. Hughes, C. A. Sackett

Department of Physics, University of Virginia, Charlottis, VA 22904, USA

Guided-wave atom interferometers measure interfererfeetefusing atoms held in a confining po-
tential. In one common implementation, the confinementimmarily two-dimensional, and the atoms
move along the nearly free dimension after being manipdlayean off-resonant standing wave laser
beam. In this configuration, residual confinement along tmeinally free axis can introduce a phase
gradient to the atoms that limits the arm separation of tterfierometer. We experimentally inves-
tigate this effect in detail, and show that it can be alledaby having the atoms undergo a more
symmetric motion in the guide. This can be achieved by eitisang additional laser pulses or by
allowing the atoms to freely oscillate in the potential. k\Mihese techniques, we demonstrate inter-
ferometer measurement times up to 72 ms and arm separafidaOw2 mm with a well controlled
phase, or times of 0.91 s and separations of 1.7 mm with amtnotied phase.
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Three-dimensional character of atom-chip-based
rf-dressed potentials

J. J. P.van Es S. Whitlock', T. Fernhol2:2, A. H. van Amerongeh N. J. van Druteh

lvan der Waals-Zeeman Institute, University of Amsterdare, Netherlands
2QUANTOP-Danish Quantum Optics Center, Niels Bohr InstjtGopenhagen, Denmark

We experimentally investigate the properties of radiaifiency-dressed potentials for Bose-Einstein
condensates on atom chips. The three-dimensional pdtemtizs a connected pair of parallel waveg-
uides. We show that rf-dressed potentials are robust againstfiaet ef small magnetic-field vari-
ations on the trap potential. Long-lived dipole oscillasoof condensates induced in the rf-dressed
potentials can be tuned to a remarkably low damping rate.tMdy s beam splitter for Bose-Einstein
condensates and show that a propagating condensate candraidglly split in two vertically sep-
arated parts and guided along two paths. The effect of gravitthe potential can be tuned and
compensated for using a rf-field gradient.

Figure 1:Schematic of the atom chip and the rf-dressed potential®dyces. The central Z-shaped
wire carries a dc current and is used together with an extehias field along y to produce a loffe-
Pritchard magnetic microtrap. Positioned next to the Z{se wire are two wires which carry rf
currents. Potential-energy cross-sections for vertiqaitsng are depicted on the back planes of the
image. A sketch of the trapped atom cloud is shown in the cetfieve the Z-shaped wire.

1J.J.P. van Es, S. Whitlock, T. Fernholz, A.H. van Ameronged Id.J. van Druten, arXiv:0802.0362v1, to
appear in Phys. Rev. A
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Bragg Spectroscopy of a Strongly Interacting®Rb
Bose-Einstein Condensate

J. M. Pind, S. B. Papp, R. J. Wild', S. Roneh, C. E. Wiemag, D. S. Jirt, E. A. Cornell

LJILA, Quantum Physics Division, National Institute of $taris and Technology and Department
of Physics, University of Colorado, Boulder, Colorado 893840, USA
2Universi’[y of British Colombia, Vancouver, BC V6T 171, Cdma

We report on measurements of the large-momentum excitapentrum of a strongly interacting
Bose-Einstein condensate (BEC). Using a magnetic-fieltlfaash resonance to tune atom-atom in-
teractions in the condensate, we reach a regime where goatepletion of the ground state and
beyond mean-field corrections to the condensate chemitahpal are significant. The Bragg reso-
nance line shift due to strong interactions was found to geifscantly less than that predicted by a
mean-field theory, and demonstrates the onset of beyond-fieddeffects in a gaseous BEC.

ICAP 2008, Storrs, CT, USA, July 27 — August 1, 2008 349




“thebook” — 2008/7/11 — 16:33 — page 350 — #372

Poster Session Ill: Thursday, July 31 TH25 Bose Gases
A High Flux Atom Laser for Interferometry

J. Dugué2, M. Jeppeseh C. Figl', N. P. Robins, J. D. Closé

LACQAO, The Australian National University, Canberra, Aat#
2Laboratoire Kastler-Brossel, ENS, CNRS, UPMC, IFRAF, Pafrance

The atom laser, first demonstrated at MIT a promising source for atom interferometry for funda-
mental and practical applications. Although the quantwatistics and flux, in theory, limit the signal
to noise ratio in an interferometric measurement, the idakproperties, such as intensity fluctua-
tions, frequency fluctuations and spatial mode profile oftevent an experiment from reaching its
fundamental noise floor. Recent experimental stédidsave shown that it is possible to get a clean
spatial mode profile using an RF transition provided the auytting cut is applied from the bottom
of the condensate. The flux of an atom laser is proportiontiéamutcoupling Rabi frequency and
the number density of the atoms in the vicinity of the outdimgpcut. As there is an upper limit on
the outcoupling Rabi frequency for classically quiet ofierd, it is desirable to outcouple from the
centre of the condensate, where the number density anddhetbe atom laser flux, is maximized.
We show that for a Raman atom laser, in contrast to an RF atsen, lave can outcouple from the
centre of the condensate and still retain a clean spatiaétnod

In our experiment we creafé Rb condensates &f x 10° atoms in theF' = 1, mr = —1 trapped
state that we couple to the = 1,mr = 0 un-trapped state via an optical Raman transttiofhe
atoms then receive a momentum kick from the absorption arnds@n of photons. As a result,
they leave the condensate quickly so that adverse effeetsode mean-field repulsion are reduced.
As the kick increases, the divergence is reduced and the peafite improved. The beam quality
parametet is also measured and the experimental results are compatieglaretical models finding
excellent agreement.

We also repofton the experimental realization of a multibeam atom lasersinyle continuous
Raman atom laser is outcoupled from a condensate beforg balisequently split into up to five
atomic beams with slightly different momenta. The splgtprocess itself is a realization of Bragg
diffraction driven by each of the optical Raman laser beamgpendently, which is a significantly
simpler implementation of an atomic beam splitter. The ipldf nearly copropagating, coherent
atomic beams resulting from this process could be of use@nfarometric experiments.

IM.-O. Mewes, M. R. Andrews, D. M. Kurn, D. S. Durfee, C. G. Taend, and W. Ketterle, Phys. Rev. Lett.
78, 582 (1997).

2J.-F. Riou, W. Guérin, Y. L. Cog, M. Fauquembergue, V. JoBs@ouyer and A. Aspect, Phys. Rev. Lett.
96, 070404 (2006).

3M. Kohl, Th. Busch, K. Molmer, T. W. Hansch, and T. Esslingeinys. Rev. Lett. 72063618 (2005).

4N. P. Robins, A. K. Morrison, J. J. Hope, and J. D. Close, PRgs. Lett. 72031606 (2005).

5M. Jeppesen, J. Dugué, G. Dennis, M. T. Johnsson, C. Fig?, Robins and J. D. Close, accepted to Phys.
Rev. A, (2008)

6E. W. Hagley, L. Deng, M. Kozuma, J. Wren, K. Helmerson, S.als®on, W. D. Phillips, Science, 283, 1706
(1999)

7J. Dugué, G. Dennis, M. Jeppesen, M. T. Johnsson, C. Fig?, Robins and J. D. Close, Phys. Rev. A, 77
031603(R) (2008).
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Cleaning of magnetic substates in an optical dipole trap

C. Kafert, R. Bourouig'!, J. Eurisch, T. Boll*, H. Helm'

! Department of Molecular and Optical Physics, Freiburg, @eny
2Institute for Applied Physics, Bonn, Germany

We use an optical dipole trap, realized by the tight focus 26 &Vatt CQ laser, to coof” Rb atoms
by lowering the dipole trap depth (forced evaporation) tmgeratures below 100 nK. We end up
with a sample o2 — 5 x 10* degenerate atoms. By applying an asymmetric and inhomogene
magnetic field at the end of the forced evaporation phaser fwiswitching off the C@-laser, we
are able to remove atoms in the magnetic levels # 0 from the trap. The magnetic field is
realized by operating anti-Helmholtz coils with unbalash@@irrents. We monitor this process by
photographing the time-dependent emission of atoms, amtdlying the residual atoms in the trap
by a Stern-Gerlach experiment. We show that a complete rehedatoms in the states s # 0 is
possible by appropriate adjustment of the magnetic fieldibigion. The experimental observations
are supported by numerical simulations of atom trajecsdari@ur experiment.

Our cigar shaped dipole trap has an axial Rayleigh length ¢00 ym and a radial waist radius of
~ 35 um. The trapping force along the axial direction is the wetkesl therefore the application
of an inhomogeneous field provides exit ports for atoms atbegxial direction when the magnetic
field Zero does not coincide with the center of the dipole.tipdo our experiments, we first transfer
all my states from a MOT into the optical dipole trap by polarizatgradient cooling. After turning
off the MOT and the magnetic field we begin a phase of forcegd@edive cooling over a five seconds
long ramp. At the end of the ramp the dipole trap laser opsnagar 200 mW and is kept constant
over the final 100 ms before turning off the @@ser. During this period the additional magnetic
force is turned on and the free fall sequence (in the presefitee magnetic field), is photographed
by absorption imaging. A splitting into three clouds alohg vertical direction is observed when the
magnetic field is turned on when the €faser is turned off. However, by applying the magnetic field
earlier the emission of atoms along the axial directiore@dy in the evaporation phase) is observed
and shown to derive from atoms in the magnetic substates= +1 being emitted from the shallow
dipole trap, as shown below.

Figure 1:Absorption pictures for two different switching tim&s = {29, 32} ms at a fixed free fall
timet s =1 ms.
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First Determination of the Helium 23P, — 115, Transition
Rate

R. G. Dall, K. G. H. Baldwin, L. J. Byron, A. G. Truscott

ARC Centre of Excellence for Quantum-Atom Optics. Rese&shbol of Physical Sciences and
Engineering, The Australian National University, CantzerACT 0200, Australia.

Quantum electrodynamics (QED) is one of the most rigorotesited fundamental theories of modern
physics, for which the atomic energy levels of helium andumelike ions represent an important test
bed. Helium is the simplest multielectron atom, enablingptietical calculations to be performed
with greater accuracy than for more complex species. Byraeptother atomic parameters such as
transition rates are much harder to determine, both expaitiaiy and theoretically, with accuracies
often at the percent level. The behavior of the transitisesaf heliumlike atoms in an isoelectronic
sequence is a case in point that has received considerageetital attentioch® 3. A number of
experimental determinations of the transition rates ohlyigonized heliumlike species have tested
these QED predictions, but there have been no publishedumezasnts of the decay of helium atoms
from the23 P states to the ground state.

L 180[ . . }

160+ 7

1975 1980 1985 1990 1995 2000 2005
year

Figure 1:(a) Historical progress of theoretical determinations fbe helium23P;, — 1S, decay
rate (references shown), together with the experimenthlevéand uncertainty) from the present
work. References 1-4, left to right.

We present the first experimental determination of2fi¢’, — 1.5, transition rate in heliund and
compare this measurement with theoretical quantum-elégtiamic predictions. The experiment
exploits the very long~1 minute) confinement times obtained for atoms magnetaalptitrapped

in an apparatus used to create a Bose-Einstein condensatastableq*S; ) helium. The2* P, —
115, transition rate is measured directly from the decay rate®tbld atomic cloud following 1083
nm laser excitation from th23S; to the2®P; state, and from accurate knowledge of theP,
population. The value obtained is 1778 s~*, which agrees very well with theoretical predictions,
and has an accuracy that compares favorably with measutefioethe same transition in heliumlike
ions higher in the isoelectronic sequence.

1G. W. F. Drake J. Phys. B, L169 (1976).

2W. R. Johnson, D. R. Plante, and J. Sapirstein, Adv. At. Mgit. ®hys.35, 255 (1995).

3G. Lach and K. Pachucki, Phys. Rev.64, 042510 (2001).

4R. G. Dall, K. G. H. Baldwin, L.J. Byron and A.G. Truscott, BhyRev. Lett.100, 023001 (2008).
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Single mode guiding of an atom laser beam

S. Hodgman, R. G. Dall, M. T. Johnsson, K. G. H. Baldwin, A. @scott

ARC Centre of Excellence for Quantum-Atom Optics. Rese&ghbol of Physical Sciences and
Engineering, The Australian National University, CanteerACT 0200, Australia.

Atoms coherently output-coupled from a Bose-Einstein emsdte (BEC) form a coherent beam
of matter waves, or ‘Atom laser’. Like its optical counterfpahe atom laser has the potential to
revolutionise future atom interferometric sensors, inchid high flux of collimated atoms is required.
Most condensates are confined in a magnetic potential, wibesehieve maximum flux the atom
laser beam is outcoupled from the centre of the BEC. Thissléaditoms in the atom laser beam
probing the high density region of the BEC via s-wave intdoas and experiencing a large repulsive
force (so-called ‘mean field' repulsion). These interawsictrongly distort the atom laser beam,
resulting in a far from ideal spatial profile that exhibits@uble peaked structure (see Fig 1(tf)

A method to alleviate this problem is to use an optically pegh BEC. In such case an atom laser is
produced by simply turning down the optical power of the tagd letting atoms fall out of the spatial
minimum of the trap where the atomic density is low. Furthemm by not extinguishing the optical
trap completely the atom laser beam experiences a weak tanfintential that acts like an optical
fibre to guide the atoms.

2 fe | -y
() (c)

Figure 1:(a) Spatial profile of the optically trapped BEC if no guideriglemented, (b) single mode
guided profile and (c) usual He* atom laser profile. Each imeg#.1 cm by 0.8 cm.

Here we demonstrate single mode guiding of a metastablerhélie*) atom laser using a far detun-
ing laser beam. Atoms cooled to1 ;K in a magnetic trap are transferred to an optical trap atigne
in the vertical direction, where BEC is achieved. Subsetlewering of the optical potential by a
factor of ~ 100 in 10 ms releases the atoms into the guide and they faéirugr@vity for 200 mm
where they strike a multi-channel plate (MCP) and are imagédtw whole process is adiabatic al-
lowing the atoms in the BEC to transfer smoothly from the gbatate of the trap to the groundstate
of the guide. The resulting guided profile can be compareH thi¢ more usual atom laser profile as
well as the spatial profile of the optically trapped BEC if nodg is implemented (see Fig. 1).

1J.-F. Riouet al,, Phys. Rev. Lett.96, 070404 (2006).
2R. G. Dall,etal., Opt. Expressl5, 17673 (2007).
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Dynamics of a BEC in a 3D double-well potential

K. Maussang, G. E. Marti2, T. Schneider®, R. Longd, J. Reichéel

Laboratoire Kastler-Brossel, ENS, CNRS, 24 rue Lhomon@Q3%5°aris, France
2University of California, Berkeley, California 94720 Betky, USA
3Present address: Institut fiir Experimentalphysik,HimHeine Universitat, 40225 Dusseldorf,
Germany

A Bose-Einstein condensate in a double-well provides agagliecombination of a simple system,
analytically solvable and applicable to interferometriibe still featuring rich dynamics. The com-
petition between tunneling and on-site interactions isl wescribed by a nonlinear Hamiltonian,
similar to the Kerr Hamiltonian in optics or the Bose-Hulibdtamiltonian in condensed matter
physics, which allows for the deterministic preparatiosph squeezed and other nonclassical quan-
tum states.

Spin squeezed states in particular have attracted muaftiatidbecause they are robust, compar-
atively easy to produce, and permit measurements of atolmi&s and interferometers below the
standard quantum limit. They can be created as number-zegiesates during the splitting of a
single BEC in a double-well, a process studied both thematyt and experimentalfy So far only
indirect evidence of squeezing in a double-well has beerodstrated. We directly measure the
atom number statistics of a BEC in double-well and its depand on the splitting dynamics, atom
loss and atom number.

We implement a double-well on an atom chip that combines emtmgss, fast cycle times, and flex-
ible trap geometries. While we currently use only one dowldd, our two-layer chip design creates
smooth static magnetic multi-well 3D potentials in linead&aopologically connected geometries.
Our chip and imaging system are compatible with small anadarBECs ranging from tens to thou-
sands of”Rb atoms.

1Y, Li, Y. Castin and A. Sinatra, “Optimum Spin Squeezing insBeEinstein Condensates with Particle
Losses” PhysicalReviewLetters100, 210401 (2008)

2G. Joetal., “Long Phase Coherence Time and Number Squeezing of Tige-Einstein Condensates on an
Atom Chip”, PhysicalReviewLetters98, 030407 (2007)
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First realization of Bose-Einstein condensation in
microgravity

T. Kdnemannh, W. Brinkmanrt, H. Miintingd , C. LammerzaH, H. Dittus', T. van Zoest,
W. Herr?, S. Seidel, N. Gaalout, Y. P. SingH, E. M. Rasel, W. Ertmer,
W. Lewoczko-Adamczyk, M. Schiemangk, A. Peters, A. Vogel*, K. Bongs, K. Sengstock,
T. Steinmet2, J. Reichél, T. W. Hansch, E. Kajarf, R. Walsef, W. P. Schleich

1ZARM, University of Bremen, Germany
2Institute of Quantum Optics, Leibniz University of Hanp@ermany
3Institute of Physics, Humboldt-University of Berlin, Gemy
Institute of Laser-Physics, University of Hamburg, Gergnan
5Max-Planck-Institute of Quantum Optics, Munich, Germany
SInstitute of Quantum Physics, University of Ulm, Germany

Since the possibility of trapping and cooling neutral atpoisacold quantum degenerate gases have
shifted boundaries in a growing field of modern physics. Timeent developments in the domain of
atom optics lead to an utilization of ultracold quantum matechnigques in unique practical applica-
tions as high-precision atomic clocks, atom interferomtgehnologies and inertial sensing instru-
ments for gravity field mapping, underground structure ct&ia, autonomous navigation, as well
as precision measurements in fundamental physics. The®tjons of even higher precision mea-
surements can be performed by arbitrarily extending the timunperturbed evolution of quantum
degenerate systems. In respect thereof weightlessnesdgs@n outstanding basis for such appli-
cations and measurements.

We report on the first experimental demonstration of rubidBose-Einstein condensates in the en-
vironment of weightlessness at the earth-bound short-teicrogravity laboratory Drop Tower Bre-
men, a facility of ZARM ("Center of Applied Space Technologyd Microgravity”) - University of
Bremen. This pilot project is performed within the QUANTU®(antum Systems in Weightless-
ness”) collaboratioh? to study the possibilities of Bose-Einstein condensatiqregments in free
fall on earth and the feasibility of ultracold quantum matéehniques on space-based platforms. Our
approach is based on a compact, mobile, robust and autorsoopewating drop capsule experiment
to currently realize weightless Bose-Einstein condessatth longest time of flights (up to 1 second)
and adiabatic expansions to very shallow traps (lower ti@aHZ). For this purpose the drop capsule
setup has to withstand decelerations of around 50g on exegyfdll. So far, we have successfully
accomplished more than 150 drops with the QUANTUS appasitue® the beginning of November
2007.

The pilot project QUANTUS gratefully acknowledges the soippirom the DLR ("German Aerospace
Center”).

1A. Vogel et al., Appl. Phys. B 84, no. 4, 663-671 (2006)
2W. Lewoczko-Adamczyk et al., IIMPD 16, no. 12b, 2447-245201@)
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Universality of Bose-Einstein condensation of weakly
interacting multi-component atomic gas close to high
symmetry point

T. Blanchard?, A. B. Kuklov', B. V. Svistunov'*

!Department of Engineering & Physics, CSI,CUNY, Statemtsl40314, USA
2Ecole normale supérieure de Cachan 61, 94235 Cachan, leranc

3Department of Physics, University of Massachusetts, AsthdiA 01003, USA
“Russian Research Center Kurchatov Institute, 123182 MuasRassia

We examine a possibility that BEC of-component weakly interacting Bose gas with the symmetry
group Q2N) broken down to a subgroup is preempted by spontaneous bgeakihis subgroup.
This implies condensation of a quadratic fot,, = (V;V3) (or My = (¥, V) ) before atomic
(bosonic) fieldsp, = (¥4),a = 1,2, ..., N become condensed. As an example, phase separatio
could take place before BEC in a spin®r= 1/2 two-component gas.

normal gas

O@N)
Teec / r/"’”'/r/)aired phase

T

| order transitions

N-component superfluid

interaction breaking O(2N) symmetry

Figure 1: Generic phase diagram of weakly interacting BEC

Generic phase diagram,Fig.1,is obtained by introducinulaa free energy function®l (Mas, 1a).

In particular, there is a term M5 1), + c.c. (OF ~ Mapibiaps + c.c.)t. Itis important that for
small symmetry breaking interactions, the transitiomlisays of Il orderin the universality class
dictated by the structure and symmetry of the order paranaeid Hamiltonian. Another important
aspect is that the intermediate phase (we caflased may not be present in a particular model
because specific microscopic parameters just don’t maptbatoorresponding region of the Landau
functional. As a specific example, we have performed MontéoGamulations of spinolS' = 1/2
Bose gas with the tendency to phase separation and has dmawits pphase diagram, while featuring
Il and | order lines of BEC transitions, does not contaaired phase.

1A.B. Kuklov, N.V. Prokof ev, B.V. Svistunov, PRB2,050402-1(2004)

356 ICAP 2008, Storrs, CT, USA, July 27 — August 1, 2008

h




“thebook” — 2008/7/11 — 16:33 — page 357 — #379

Bose Gases TH32 Poster Session Ill: Thursday, July 31
Towards thermal melting of a vortex lattice in a rotating
2D BEC

G. Lamporesi, S. Tung, V. Schweikhard, E. A. Cornell

JILA, National Institute of Standards and Technology ang@enent of Physics, University of
Colorado, Boulder, Colorado 80309-0440, USA

Compared to 3D systems, superfluids in a 2D geometry arecatkaizaed by much larger phase fluc-

tuations. At very low temperatures rotating superfluidsbnf2esent a regular vortex crystal. As the

temperature of the system increases, the vortex crystargods a structural phase transition and
melts into a liquid phase.

We are experimentally investigating the transition betwte vortex crystal phase and the vortex
liquid phase in a rotating 2D BEC as the temperature of theesyshanges.

A blue-detuned 1D vertical optical lattice (see Figure 1)sed to slice a 3D condensate into many
layers and by increasing the lattice depth one can achievguthsi-2D regime for individual layers.
The superfluid can be kept under rotation in a controlled v&ygia weak rotating 2D optical lattice
as a stirring potential. A slice imaging technique is emptbyn order to selectively image a single
2D layer from the top and be able to directly observe its vopi@ttern.

o

VORTEX
LIQUID

2 VORTEX
CRYSTAL

Figure 1:Rotating BEC in a blue-detuned 1D vertical optical lattitef). Each single rotating pan-
cake is expected to present a vortex patterght) that will be more (crystal phase) or less (liquid
phase) regular, depending on the temperature of the whalesy
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Creating a supersolid in one-dimensional Bose mixtures

L. Mathey, Ippei Danshita, Charles W. Clark

Joint Quantum Institute, National Institute of Standardsl Zechnology, Gaithersburg, MD 20899
2Department of Physics, Faculty of Science, Tokyo UniwedsiScience, Shinjuku-ku, Tokyo
162-8601, Japan

We identify a one-dimensional supersolid phase in a binarture of near-hardcore bosons with
weak, local interspecies repulsion. We find realistic cbods under which such a phase, defined
here as the coexistence of quasi-superfluidity and quasgehdensity wave order, can be produced
and observed in finite ultra-cold atom systems in a harmamie. t Our analysis is based on Lut-
tinger liquid theory supported with numerical calculagarsing the time-evolving block decimation
method. Clear experimental signatures of these two ordershe found, respectively, in time-of-
flight interference patterns, and the structure fastg) derived from density correlations.
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Toward sub-shot-noise fluctuations in coherently split
quantum degenerate gases

J. McKeevet, M. H. T. Extavour, L. J. LeBlané, A. B. Bardort, D. M. Jervig, T. Schumn2,
J. H. Thywisseh

hos, CQIQC and Dept. of Physics, University of Toronto, Gina
2 Atominstitut delOsterreichischen Universiten, TU Wien, A1020 Vienna, Austria

We have performed direct measurements of atom number at utpmitoports of a coherent beam-
splitter for a Bose-Einstein condensate (BEC), observinghenumber fluctuations at the shot-noise
level. Starting from a BEC in a chip-based magnetic trap, gpléting is achieved by adiabatic
transformation from a single-well to a double-well usingasillating (rf) field. We perform direct
detection of atom number at each output port via optical gitem imaging, as shown in Fig. 1.

The double-well BEC system is analogous to a bosonic Josaghsctiorf, providing a link with
condensed matter physics. One potential application i® &tterferometry in confined geometries,
of great interest for precision measurements such as selegial fields and their gradients (gravita-
tional or electromagnetic). Our goal is to observe sub-sioite fluctuatiorsdirectly in the number
difference between the two output wells, and study theieddpnce on splitting dynamics, and trap
geometry. We present our progress to date, including cteization of the double-well potentials,
evaluation of detection sensitivity, rf field amplitude ibahtion, and a recent redesign and replace-
ment of our atom chip. We also discuss prospects for a conguitary measurement with degenerate

fermions.

Figure 1:Absorption image of a coherently split BEC. Separation efdlouds is about00 pm, and
the total atom number in both cloudsié ~ 8 x 10°. Our detection sensitivity is at the level4if
atoms, limited by optical shot noise.

1T. Schummetal, Nature Physic4, 57 (2005).
2R. Gatietal, Appl. Phys. B32, 207 (2006).
3G.-B. Joetal, Phys. Rev. Lett98, 030407 (2007).
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Condition for Dynamical Instability of a Trapped
Bose—Einstein Condensate with a Highly Quantized Vortex

M. Mine!, E. Fukuyamé, T. Sunagé, M. Okumurd&-3, Y. Yamanaka

!Department of Physics, Waseda University, Tokyo 169-85§n
2CCSE, Japan Atomic Energy Agency, 6-9-3 Higashi-UenopTait Tokyo 110-0015, Japan
3CREST (JST), 4-1-8 Honcho, Kawaguchi, Saitama 332—-00fanJa
“Department of Electronic and Photonic Systems, Wasedaelity, Tokyo 169-8555, Japan

We consider a trapped Bose-Einstein condensate (BEC) ijhdy quantized vortex. For the BEC
with a doubly, triply, or quadruply quantized vortex, themerical calculations have shown that the
Bogoliubov-de Gennes equations, which describe the fltiotuaf the condensate, have complex
eigenvalues. The presence of the complex eigenvalues is interpretedsigneof the dynamical
instability. This instability is associated with the deczfythe initial configuration of the condensate
and can occur even at zero temperature, contrary to the Lanstbility. In this study, we show an
analytic expression of the condition for the existence afplex modes, using the method developed
by Rossignoli and Kowalskifor the small coupling constant. To derive it, we make the-taade
approximation. With the derived analytic formula, we caeritify the quantum numbers of the com-
plex modes for each winding number of the vofte®our result is consistent with those obtained by
the numerical calculation in the case that the winding nunigbéwo, three, or four. Furthermore,
the three-mode analysis is also performed, and it is condirtihat the condition for the existence of
complex modes is not modified. Our conclusion is that the demmodes always exist when the
condensate has a highly quantized vottex

1H.Pu, C. K. Law, J. H. Eberly, and N. P. Bigelow, Phys. Re\69\1533 (1999); M. Métténen, T. Mizushima,
T. Isoshima, M. M. Salomaa, and K. Machida, Phys. Rev68A023611 (2003); Y. Kawaguchi and T. Ohmi,
Phys. Rev. A70, 043610 (2004).

2R. Rossignoli and A. M. Kowalski, Phys. Rev. 72, 032101 (2005).

3E. Fukuyama, M. Mine, M. Okumura, T. Sunaga and Y. Yamanakgs PRev. A76, 043608 (2007).

360 ICAP 2008, Storrs, CT, USA, July 27 — August 1, 2008




“thebook” — 2008/7/11 — 16:33 — page 361 — #383

Bose Gases TH36 Poster Session Ill: Thursday, July 31

Controlled deflection of cold atomic clouds and of
Bose-Einstein condensates

N. Gaaloul*?, A. Jaouadi?, L. Pruvost, M. Telmini?, E. Charroh

!_aboratoire de Photophysique moléculaire du CNRS, Usit@Paris-Sud, Batiment 210, 91405
Orsay Cedex, France
2Laboratoire de Spectroscopie Atomique, Moléculaire qilisptions, Département de Physique,
Faculté des Sciences de Tunis, Université de Tunis EI M2082 Tunis, Tunisia
3Laboratoire Aimé Cotton du CNRS, Université Paris-StatjrBent 505, 91405 Orsay Cedex,
France

We present a detailed, realistic proposal and analysiseohtiplementation of a cold atom deflector
using time-dependent far off-resonance optical guides.aialytical model and numerical simula-
tions are used to illustrate its characteristics when agpb both non-degenerate atomic ensembles
and to Bose-Einstein condensates. Following a previoudysofi a cold atom beam splitterwe
show that it is possible to deflect almost entirely an ensernbf”Rb atoms falling in the gravity
field using for all relevant parameters values that are aebigvith present technologyWe discuss
the limits of the proposed setup, and illustrate its robess$ragainst non-adiabatic transitions.
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Figure 1: Total deflection probability< np > of an atomic cloud of”Rb of sizero = 0.155mm at
tempuratureT’ = 10uK, as a function of the deflection angjeand the depth of the oblique guide
potentialU; .

IN. Gaaloul, A. Suzor-Weiner, L. Pruvost, M. Telmini and E.a®fon, Phys. Rev. A 74 023620 (2006)
2N. Gaaloul, A. Jaouadi, L. Pruvost, M. Telmini and E. Charmsubmitted to Phys. Rev. A (2008)
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Equilibrium phases of a dipolar spinor Bose gas

M. Vengalattoré, J. Guzmah, S. Leslié, F. Serwang D. M. Stamper-Kurh

LUniversity of California, Berkeley, USA
A wide range of correlated materials exhibit spatially imfegenous phases due to the influence of
competing interactions. For instance, in classically mrdesystems such as magnetic thin films, the
short-range ferromagnetic interaction is frustrated l®/gpatially anisotropic, long-ranged dipolar
interaction. This results in spatially modulated phasdsbittng a wide range of morphologies.
Despite the ubiquity of materials that exhibit competinteractions, there remain a range of open
questions regarding the properties of such frustrated etagsystems. Of particular interest in this
regard are quantum fluids in which frustrated magnetic asdieixtaposed with superfluidity.
Here, we investigate the properties of quasi two-dimeraidh= 1 spinor Bose gases 8fRb under
the competing influences of a long-range dipolar interacéind a short-range ferromagnetic inter-
action. Due to this competition, we observe the spontanémusation of modulated spin domains
that exhibit crystalline order. This self-organized phasseen both as resulting from a dynamical
instability in a transversely magnetized condensate asaséh equilibrium resulting from a gradual
cooling of thermal spinor gases. The fact that this cryisiabtructure is observed under a wide range
of initial conditions indicates that this ordered phaseldoapresent an equilibrium configuration of
this dipolar quantum fluid.

-10 0 10
x [pum]

Figure 1:(a) Spin textures in a spontaneously modulation spinor easdte. The amplitude (orien-
tation) of magnetization is represented by the brightnésg). (b) The spin correlation function of
the dipolar spinor condensate indicates spin domain stmest that exhibit crysalline order with a
modulation period of around 10m.
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Fractional Quantum Hall Physics with Rotating Few-Body
Bose Clusters

N. Gemelké:?, E. Sarajli¢, S. Chd*?

!Department of Physics, Stanford University, Stanford, @308, USA
2Department of Physics, University of Chicago, Chicago, 06%7, USA
3Lawrence Berkeley National Laboratory, Berkeley, CA , USA

A hallmark behavior of low-dimensional, interacting anchgtum-degenerate gases is their potential
to be mapped onto systems of particles with a statisticabaer which differs from the constituent
particles. In one dimension, this takes the form of the régefserved Tonks-Girardaeu dawhere
bosons effectively behave as a fermionic gas. In two dinogissihe behavior is richer, including the
possibility to observe fractional statistics, as occurthm fractional quantum Hall effect for a two-
dimensional electron gas in strong magnetic field. An aralegituation can occur for a rotating and
harmonically trapped interacting Bose gagen the total angular momentum of the gas approaches
the square of the number of constituent particles. Prevegpsriments with large rotating superfluid
gase$ have obtained and studied the classical dynamics of largebars of superfluid vortices,
but fall short of the fractional quantum Hall limit. Here weport experiments which attempt to
circumvent the technical difficulty of these experimentswayrking with small numbers of atoms,
and attempt to probe the strong particle correlations @rpen the fractional quantum Hall regime.
We investigate quantum-degenerate few-body clusteféRb atoms confined to an optical lattice
potential with locally rotating on-site potentials and ukgive interactions. In the centrifugal limit,
when the microtrap rotation frequency differs from its ation frequency by an amount comparable
to the interaction energy, a large scale degeneracy is ®géx be broken by particle interactions,
and strong atomic correlation is expected in the few-particound states. We have designed and
implemented an adiabatic pathway for populating thesestaied ground states by controlling the
rate and amplitude of a rotating deformation to the on-siteeitial of an optical lattice, similar to
the mathod proposed by Popp ef aliVe probe short range correlations and momentum distdbsiti
by a combination of photoassociation loss and time-of-fligtaging, and compare to expectations
from exact numeric evolution of the few-body system with neefparameters. We investigate the
role of anharmonic terms in the local trap potential, andrtbffect on adiabatic pathways to FQH
ground states.

IKinoshita, T., T. Wenger, et al. (2004) Science 305(5681p5t1128,
Paredes, B., A. Widera, et al. (2004) Nature 429(6989): 297 -

2Cooper, N. R. and N. K. Wilkin (1999) Phys Rev B 60(24): R16329

3Schweikhard, V., I. Coddington, et al. (2004) Phys Rev L4y 040404-4

4Popp, M., B. Paredes, et al. (2004) Phys Rev A 70(5 B): 053512-
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A pumped atom laser

D. Doring, N. P. Robins, C. Figl, M. Jeppesen, G. R. Denni§,. Llose

ARC Centre for Quantum-Atom Optics, Physics Department,
Australian National University, Australia

Although the peak flux in atom lasers realised to date is cdithgewith thermal beams, the duty
cycle is low, giving a lower average fluX 3. We aim to produce a continuous atom laser with a
squeezed output for fundamental studies and applicationthis poster, we present the realisation
of a pumped atom laser. In our experiment, atoms are traesféy an irreversible Bose enhanced
process from a source condensate to the target condenaais tie lasing mode. While the lasing
mode is being pumped by the source, atoms are also outpptecbto form a freely propagating
atom laser beam. This process runs continuously for 200mse.teéét our results against a rate
equation modél This is a necessary step towards the production of a truljimaous atom laser.
There appear to be two pumping mechanisms that we can acctss éxperiment. One is related
to Raman super-radianté. The other is related to a STIRAP process. In order to elteitize
pumping mechanism we have also performed experiments iora(d0Q:s) pulsed regime. We have
investigated both on and off resonant pumping of the lasindanin this short pulse system.

In future work, we will combine this experiment with an atoslidery system to replenish the source.

IN. P. Robins et al, PRL 96, 140403 (2006).
2W. Guerin et al, PRL 97, 200402 (2006).

3A Ottl et al, PRL 95, 090404 (2005).

4N. P. Robins et al, arXiv:0711.4418.

5D. Schneble et al, PRA 69, 041601 R (2004).
6Y. Yoshikawa et al, PRA 69, 041603 R (2004).
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Tailoring Motional States of Strongly Interacting 2D
Bose-Einstein Condensates: Creation of Vortices and
Antivortices

O. Karki, K.-A. Suominen

University of Turku, Turku, Finland

We have previously proposed a tailoring method which emsab#eto move the populations of mo-
tional quantum states to another in an efficient dyis based on time-dependent double-well po-
tentials and one-component description. It can be gezerjliso that it can be successfully applied
to strongly interacting 1D Bose-Einstein condensates. é¥aw in the case of strongly interacting
Bose-Einstein condensates there is a significant differeetween 1D and 2D systems.

At the moment, we are studying various 2D variations of trevimus method and the consequences
of dimensionality. As an example, we have studied a ring stigreometry, which consists of two
harmonic ring traps. That is, we have two harmonic trapscividiepend only on radial co-ordinate,
within each other. The cross-section of this system reuwdalslouble-well structure. As a result of
the tailoring process, we seem to get similar results for merd compared to 1D system. However,
these states are not stable. The situation is similar caedpiar 2D solitons decaying into vortices
and antivortices. This phenomenon is often called snagiiility.

The second geometry we are considering consists of twodrdimlly symmetric harmonic traps.
The line connecting the bottoms of the wells can be consitlasea special direction. The cross-
section in that direction shows the double-well structiitewever, unlike in the ring trap case, here
we have a preferred direction. One, can ask whether it islges® gain angular momentum during

the tailoring process. By changing the preferred directioring the process one might be able to do
that.

1K.Harkonen, O.Karki and K.-A. Suominen, Phys.Rev74 043404 (2006)
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A dual-species BEC with tunable interactions

S. B. Papp?, J. M. Pind, C. E. Wieman!

LJILA, National Institute of Standards and Technology andversity of Colorado, Boulder,
Colorado 80309-0440, USA
2Norman Bridge Laboratory of Physics 12-33, California inge of Technology, Pasadena, CA
91125, USA
3University of British Columbia, Vancouver, BC V6T 1Z1, CAMA

Dual-species quantum gases are currently a subject ofisaynti interest for realizing dipolar inter-
actions between ultracold molecules and probing Efimov tumarstates. Understanding how the
spatial overlap of the two species changes with interatamtéractions will be important for future
experiments. We will report on the observation of controllable phase s&gpen in a dual-species
Bose-Einstein condensate wittRb and®”Rb? Interatomic interactions of the different components
determine the miscibility of the two quantum fluids. In ouperments, we can clearly observe
immiscible behavior via a dramatic spatial separation eftthio species (Fig. 1). Furthermore a
magnetic-field Feshbach resonance is used to change themdremiscible and immiscible by tun-
ing the®®Rb scattering length. The spatial density pattern of theisuible quantum fluids exhibits
complex alternating-domain structures that are unchariatt of its stationary ground state.

ags = 51 a,
(a) A =-0.89 Ty_>z
ags = 780 a,
DRSNS S | -

Figure 1: Absorption images of (a) a phase separated and (b) a miscitikture of **Rb and
87TRb. The long direction of all the images represents the jpwsiépace distribution. The param-
eterA = 282257 — ] characterizes the tendency of the two clouds to phase stepdie clouds are

85—87
expected to be immiscible with < 0. The optical depth of the lowéP Rb image has been scaled
by a factor of five for clarity.

1S. B. Papp and C. E. Wieman, "Observation of heteronucleahlfaeh molecules from & Rb87Rb gas”,
Phys. Rev. Lett. 97, 180404 (2006).

2S. B. Papp, J. M. Pino, and C. E. Wieman, "Studying a dualiespeBEC with tunable interactions”,
arXiv:0802.2591 (2008).
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Mind the gap in Raman scattering of a Bose gas !

Patrick NaveZ?

! Theoretische Fysica, Katholieke Universiteit LeuvengReh
2 Universitaet Duisburg-Essen, Duisburg, Germany

We explore the finite temperature many body physics throhghRaman transition between two
hyperfine levels of a Bose condensed atom gas. Unlike thegBseattering where the phonon-like
nature of the collective excitations has been obséneadifferent branch of thermal atom excitation
is found theoretically in the Raman scattefind his excitation is predicted in the generalized random
phase approximation and has the parabolic dispersionaelat, = ¢, +k?/2m. The gap;, = gn
results from the exchange interaction energy with the cib@mns. During the Raman transition, the
transferred atoms become distinguishable from the othetsedease this gap energy. The scattering
rate is determined as a function of the transition frequen@and the transferred momentugnand
show the corresponding resonance around this gap (see)Fig. 1
Nevertheless, the Raman scattering process is attenuatkd superfluid part of the gas. The macro-
scopic wave function of the condensate deforms its shapedier ¢o screen locally the external po-
tential displayed by the Raman light beams. This screesitgtal for a condensed atom transition in
order to prevent the condensate to scatter incohererilye experimental observation of this result
would explain some of the reasons for which a superfluid cosake moves coherently without any

friction with its surrounding.
(a.u.)
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Figure 1: Scattering rate of a bulk Bose condensed ga& @b for q>/2m = 30Hz. The black
dashed/solid curve is the rate calculated in absence/pesef the screening. See the grey curve for
a magnification of the black solid curve25). The superfluid fraction is 80% ang = 4.3kHz. In
this process, atoms with an initial momentirand energy:; 1. = ¢, +k?*/2m are transferred into a
second level with momentuay- g and energys 1. = (k + q)?/2m providedw = €2 11q —€1 k-
In absence of screening, a resonance appeasoat= q°/2m — ¢,. The screening effect strongly
reduces the Raman scattering and, in particular, forbidsiitcondensed atoms i.e. far= wpo.

0.0

1D.M. Stamper-Kurn et al., Phys. Rev. LeB3, 2876 (1999).
2P. Navez, Physica 887, 4070 (2008); P. Navez, Physica356, 241-278 (2005).
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Feshbach Resonances in Bose-Fermi Cr Gas Mixtures

Z. Pavlovi¢+?, H. R. Sadeghpodr R. Coté

! Department of Physics, University of Connecticut, Sta&,06269, USA
2ITAMP - Center for Astrophysics, Cambridge, MA 02138, USA

We report calculations of Feshbach resonances in ultdimmdon-fermion Cr samples in an optical
trap. For the®>Cr->3Cr and®3Cr-*3Cr systems, the Feshbach resonances are driven by magnet
dipolar interaction in the ground state with a large magn@ioment6.. 5, and hyperfine interaction
of strengthans = —83.6 MHz. The formation of an extended class of magnetically tlReshbach
resonances is predicted for both boson-fermion, bosoorbasd fermion-fermion mixtures. The
positions and widths of the resonances are determined frioth scale coupled channel calculation,
incorporating the dipole-dipole interaction, whose sohg are analytically extended using the quan-
tum defect method for the/ RS potential. The resulting scattering matrix is transforriéato the
hyperfine representation and resonance information ise&benl. The coupled channel bound state
calculations are employed to monitor the progression oh@iates into resonances as a function of
applied magnetic field, also used for identification.
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Figure 1: Ab initio Cr, Born-Oppenheimer potentidls
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Figure 2: CalculatedCr->3Cr scattering length as a function of magnetic field (pretiany data)

1Bo Gao, Phys. Rev. A8, 1728 (1998)
2Bo Gaoet al, Phys. Rev. A72, 042719 (2005)
3Z. Pavlovicet al,, Phys. Rev. 269, 030701 (2004)
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Hydrodynamic excitations in a Bose-Einstein condensate

R. Meppelink, S. B. Koller, J. M. Vogels, P. van der Straten

Atom Optics and Ultrafast Dynamics, Utrecht UniversityeT¥etherlands

In our BEC of sodium atoms we have reached a record number®@fri2lion condensed atoms in
a highly asymmetric potential of 961.5 Hz. This allows us to study the hydrodynamic regime. We
define the hydrodynamicity as the ratio between the collisaie~., and the axial trap frequency
wax. In our experiment the hydrodynamicity is more than 10, Wwhadows us to study the propa-
gation of bothfirst andsecond sound in the two-fluid model. As an initial step we tsiueied the
out-of-phase oscillation of the condensate with respettiédhermal cloud, which is reminiscent to
second sound in the case of liquid helium. If we consider trelensate as a superfluid, which flows
through any obstacle without friction, one expects thisiomto be undamped. By displacing the
condensate with a shallow dipole trap with the respect tahbemal cloud, we have observed this
out-of-phase oscillation. The frequency of the motion igtstl with respect to the trap frequency
and most importantly becomes damped (see Fig. 1). We haveumsebthe shift and damping under
various experimental conditions. We observe a decreaseeofiamping for decreasing axial trap
frequencies, which suggests that the damping will vanistiénuniform case. We will discuss the
origin of the damping mechanism at the conference.
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Figure 1:0ut-of-phase oscillation of the condensate with respettiédhermal cloud.
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Atom Interferometry with Interacting Bose-Einstein
Condensates

R. G. Scott, T. E. Judd, T. M. Fromhold

School of Physics and Astronomy, University of Nottinghdattingham, NG7 2RD, United
Kingdom

Recent experimentshave demonstrated that the relative phasef two elongated Bose-Einstein
condensates (BECs) can be inferred by merging them on andtigm This is done by monitoring
the expanded combined cloud, which becomes broadér @agproaches. We show that this effect
is due to the resonant production of a soliton, and its sulsgaiecay into vorticégsee Fig. 1). We
tailor the performance of the interferometer by varyingrerging timer and temperature. Increas-
ing the temperature broadens the resonance so that voatieggenerated over a wider range/of
By characterising the function of the interferometer wentifg the advantages of using interacting
BECs, and discuss their potential applications as motioectiers and sensors of weak forces.

Figure 1:(a) Atom density profile of the two BECs in the= 0 plane (axes inset) & = 0. (b)-(9)
Density profiles within the region enclosed by the dashethrgge in (a) at key stages of the merging
process t = 5ms) calculated forA = 0 att = 3 ms (b), 4 ms (¢), 5 ms (d), and fdr = w att = 3
ms (e), 4 ms (f), and 5 ms (g). Upper [lower] horizontal barewtscales in (a) [(b)-(9)].

1G.-B. Jo, J.-H. Choi, C. Christensen, T. Pasquini, Y.-R.,WeKetterle and D. Pritchard, Phys. Rev. Lett.
98180401 (2007)
2R.G. Scott, T.E. Judd and T.M. Fromhold, Phys. Rev. L'20100402 (2008)
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Virial expansion for ultracold trapped fluids and the
exactness of the local density approximation

V. M. Romero-Rochin, N. Sandoval-Figueroa

Instituto de Fisica, Universidad Nacional Autbnoma dexito.
Apartado Postal 20-364, 01000 México, D.F. Mexico.

We derive the virial expansion of the grand potential for aifeonfined by an external field. The fluid
may be classical or quantum and it is assumed that interatoieractions are pairwise additive. We
analyze several confining potentials and we find the apmtgptgeneralized” volume and pressure
variables for each case that replace the usual volume anostgatic pressure. We emphasize that
this treatment yields the correct equation of state of thiel.fllAs a corollary, we show that the
so-calledlocal density approximatiois exact for these systems in the thermodynamic limit. We
discuss the relevance of these findings in the descriptitimeaturrently confined ultracold gases. We
present explicit results for an ultracold gas confined by adqupolar potential within the Hartree-
Fock approximation.
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Dynamical evolution of an interacting Bose gas at low
temperatures described through a quantum kinetic
equation

R. Paredes, Y. Romero, R. Muhoz-Rodriguez

Instituto de Fisica, UNAM A.P. 20-364, México 01000 D.Exito.

We study an interacting Bose gas at low temperatures coniinadarmonic potential in three di-
mensions. The system under study consistgVoparticles out of equilibrium distributed on the
first k energy levels of the ideal harmonic oscillator. By numélycaolving the time-dependent
Schrodinger equation for a few number of particles we fieshdnstrate that the system reaches ther-
mal equilibrium through ellastic binary collisions. Thdrgsed on a Boltzmann scheme, we derive
the quantum kinetic equation that leads the system towaetsnial equilibrium when pair interac-
tions between particles are considered. We find that thesysbeys two quantum kinetic equations
for the occupation numbers., one for negative values of the chemical potentiak{ 0) and other
for the chemical potential equal to zeno € 0). We also find that the kinetic equations satisfy total
energy conservation for th¥ particles, and that it has as a stationary solution the Easetein dis-
tribution. By numerically solving the coupled system of atjons for each case:.(< 0 andyu = 0),

we determine the evolution in time of the occupation numbefor each state.
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Evolution and Measurement of Relative Phase in a
Two-Component Bose-Einstein Condensate

R. Anderson, B. V. Hall, C. Ticknor, P. Hannaford, A. |. Sider

ARC Centre of Excellence for Quantum-Atom Optics and Cémtratom Optics and Ultrafast
Spectroscopy
Swinburne University of Technology, Hawthorn, Victori&31Australia

Knowledge of the phase of matter waves is of crucial impasaior studies of interferometry, en-
tanglement and precision measurement. We are studying#ti®egemporal evolution of the relative
phase in a two-component Bose-Einstein condensate: the

|F =1,mp = —1),|F = 2,mp = +1) pseudo-spinor system 8fRb, using a micromagnetic trap
on an atom chip. In addition to previous studies of phase urea®ent for two-component systems
of cold thermal atoms we are investigating two techniques involving (i) phaseorestruction us-
ing a spatially sensitive interferometric technique, aifdbhase retrieval using a non-interofometric
algorithn?. We prepare condensates in a superposition of the two saiesstising a two-photon
microwave-radiofrequency pulse of duratien1ms, and allow the system to evolve via nonequi-
librium mean field dynamics for hundreds of milliseconds. #en observe the amplitude of each
component by measuring the population of each spin stath, aviwithout the addition of a sec-
ond two-photon pulse (Ramsey technique). Our preliminasglts show evolution of the relative
phase along the direction of weak confinement (Fig. 1), st@si with mean field modelling. This
work is important in the context of quantum technologieshsag collisional phase gates for quantum
information processiny and atomic clocks using trapped ultracold atoms. The rblaean field
dynamics, phase diffusion and decoherence in these apipfisas yet to have detailed experimental
investigation.

Recovered Phase (17/2)
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Figure 1:Reconstructed relative phase of a two-component Boséditinsondensate after 90 ms of
nonequilibrium mean field dynamics using an interferoncetrethod.

1J.M. McGuirket. al, Phys. Rev. Lett89, 090402 (2002).
2Y.E. Tanet. al, Phys. Rev. 68, 066602 (2003).
3P. Treutleinet. al, Phys. Rev. A74, 022312 (20086).
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Inelastic collision dynamics of*’Rb spin-2 Bose-Einstein
Condensates

S. Tojo, T. Hayashi, T. Tanabe, T. Hirano

Department of Physics, Gakushuin University, Tokyo 1738883apan

We have experimentally investigated the dynamic§’&b spin-2 Bose-Einstein condensates con-
fined in an optical trap. Owing to its rich variety of interrdgdgrees of freedom, many interesting
dynamics can be observed. As well as elastic spin-exchasitisians, 3" Rb spin-2 condensates in
the upper hyperfine level have large inelastic collisioesah comparison with those of lower hy-
perfine levels because of hyperfine-changing collisidnsPreviously, the inelastic collision rates
were roughly estimated under the condition in which spiok@xge collisions occurred, and only
the loss rates of total number of atoms were estimated. Hiisapily important to manifest mecha-
nisms of inelastic collisions individually for each magoetublevel for the study of spin dynamics
in multi-component condensates.

In this work, we have observed the time dependence of spinlatpns in spin-2 two-component
condensates initially populated in several spin-stat&@itof the magnetic field in which the spin-
exchange collisions between different magnetic sublevelhe same hyperfine states were sup-
pressed. Figure 1 depicts time-dependence of number oeased atoms initially populated in (a)

mp = —1 andmpr = —2 states, and (bjnr = +1 andmr = —2 states with almost equal popu-
lations. We have also observed those of other spin-states= 0 andmr = —2 statesmmp = +2
andmpr = —2 states, andnr = +1 andmr = —1 states. The results show that the inelastic

collision rates depend on spin-states. The spin-deperidelasstic collision rates can be explained
by corresponding collision channgls
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Figure 1:Time-dependence of condensed atoms initially populatedsin= —1 andmr = —2 (a),

andmp = +1andmpr = —2 (b).

1T. Kuwamotoet. al.,Phys. Rev. A 69, 063604 (2004).
2H. Schmaljohanret. al.,Phys. Rev. Lett. 92, 040402 (2004).
3Y. Kawaguchi, H. Saito, and M. Ueda (private communication)
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Optical Traps for ultracold metastable helium atoms

J. Simonet, J. Dugué, C. Buggle, M. Leduc

Laboratoire Kastler Brossel/ IFRAF, 24 rue Lhomond, 752ati$Cedex 05, France

One of the main characteristics of metastable helium atertieir high internal energy (20 eV). This
energy can be released when a metastable atom hits a swijfeatég one electron. Therefore, using
a Channeltron Electron Multiplier (CEM), one can detecthagowith a time resolution of up to 5
ns. However, this high internal energy raises the problemedéstic Penning ionizations, following:
He* + He* — He+ He™ +e™.

This process has a rate of the orderl6f *°cm?.s™! but is reduced by four orders of magnitude if
the atoms are spin polarized due to total spin conservation.

We report on the progess of the set up of a dipole trap foradtcametastable helium using a red
detuned fiber laser at 1560nm. One of the aims of this optiaplit to release the constraint on the
magnetic field value. We plan to measure the magnetic fielérmdgnce of inelastic collision rates
initially calculated by P. O. Fedich&yfor temperatures smaller than K. In a spin polarized gas
of helium, the spin-spin interaction produces spin reliaxafo...;) and relaxation induced Penning
ionization ;) if the polarization condition is no longer maintained.

We also present the development of a new generation of magreg based on a clover leaf trap
setup which is compatible with in situ loading of a condengaslinto a 3D optical lattice The coil
geometry is designed to optimize optical access on 8 indkperoptical axes. We intend to monitor
the Penning ionization rate in order to follow the real-tidy@mamics of the Superfluid-Mott insulator
quantum phase transition.
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Figure 1:(a) Rate constants,..; anda;. (b) Setup of the new magnetic trap.

1p. O. Fedichev, M. W. Reynolds, U. M. Rahmanov and G. V. Shiilagy, Phys. Rev. &3 1447 (1996)
2C. Buggle, N. Zahzam, J. Dugué and M. Leduc, in preparation
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Weightless Bose-Einstein Condensates

Y. P. SingH, T. van Zoest, W. Herr', N. Gaaloul, S. Seidel, E. M. Rasel, W. Ertmet,
K. Bongs, T. Kéneman#, H. Miintinga, W. Brinkmanri, C. LammerzaH|, H. Dittus®, E. Kajari',
R. Walset, W. P. Schleich, A. VogeP, K. Sengstock, W. Lewoczko-Adamczyk,
M. Schiemangk, A. Peter§, T. SteinmetZ, J. Reichél

nstitute for Quantum Optics, Leibniz University of HanepB0167 Hannover, Germany
2Midlands Ultracold Atom Research Centre, Birmingham B1%,2Thited Kingdom
3ZARM, University of Bremen, 28359 Bremen, Germany
4University of Ulm, Institute for Quantum Physics, 89081 UBermany
SUniversity of Hamburg, Institute for Laser-Physics, 22 Hdmburg, Germany
SInstitute for Physics, Humboldt University of Berlin, Gemny
"Laboratoire Kastler Brossel de I'E.N.S. 75231 Paris, Franc

Realization of a Bose-Einstein Condensate (BEC) in the g&4095 has opened up a plethora of
new possibilities to understand the fundamental quessanh as quantum phase transitions, super
fluidity, matter wave interference etc. The extremely lovergly scales achieved in a typical earth-
bound laboratory BEC has motivated us to continue the pathrtis lower energy scales by lifting
Earth-bound laboratory restrictions. In particular mgnavity offers several advantages for the fun-
damental research on cold quantum gases. First of all, ipoavide an unperturbed evolution for
long durations which is crucial for atom interferometers atomic clocks. In a microgravity envi-
ronment, the precision of these sensors can be extendeddyhupe orders of magnitude. Second it
provides mass independent confining potential which is waportant for the research on a mixture
of quantum gases such as degenerate Fermi gases. Anotlwetamypoint is that in a microgravity
environment, it is possible to adiabatically lower the pimg potential resulting in ultra-large con-
densates. The effect of ultra-weak long range forces be@mpeartant in these condensates, which is
expected to lead to new kinds of low energy phase transitidiase over it is possible to manipulate
ultra-large condensates with a very high spatial resatutiio addition, microgravity is a prerequisite
for fundamental tests in the quantum domain such as the aguize principle or the realisation of
ideal reference systems. A miniaturized and remote cdattdcility to study BECs in the extended
free fall at the drop tower in Bremen and during parabolichfiighas been realized. The facility
permits us to study the generation and outcoupling of BEGuiarogravity, the study of decoher-
ence and atom interferometry. For the first time, we repottherrealization of?6%” BECs and its
subsequent evolution for as long as 1 second in a microgramitironment.
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State selective single atom detection on a magnetic
microchip

H. Bender, A. Glnther, A. Stibor, J. Fortagh, C. Zimmerman

Quantum Optics Group, Institute for Physics, Universit{f dbingen, Auf der Morgenstelle 14,
Tubingen, Germany

The possibility to detect small amounts of atoms on a magmeittrochip opens the door to a variety
of interesting fundamental experiments in the field of @idtd quantum gases. Standard absorption
imaging requires a minimum number of several hundred atdrhas novel detection methods with
single atom sensitivity are currently developed.

Here, we present a single atom detector which is impleméntedr magnetic microchip setup. The
detection scheme is based on optical ionization of singimatand subsequent counting of the ions
in a channeltron. With this method a detection efficiency@6vas achieved. We characterized the
detector by ionizing a cloud of rubidium atoms at a tempeeadd about 1Q:K in different combina-
tions of magnetic and optical dipole traps on the microchig aith varying excitation laser power.
Furthermore we were able to record in situ a complete hypmer@solved two photon transition
spectrum of a single cloud (see fig.1). It was also possibgelectively detect single atoms in dif-
ferent hyperfine groundstates. By additionally irradigtimicrowaves, the atoms could be ionized
depending on their position within the magnetic trap acicgydio their temperature. In that way the
temperature distribution of the atoms in the magnetic t@mpdtbe determined.
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Figure 1: Two photon transition between theS,,, F' = 2, and the four hyperfine levels3; ,

F = 4...1, recorded by state selective single atom laser idinizaf a single ultracold cloud on an
atom chip. The spectrum is scanned by detuning the frequafribg excitation laser.
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Bosonic Tonks-Girardeau Gases in a Split Trap

J. Goold, Th. Busch

Physics Department, University College Cork, Cork, Irelan

One-dimensional quantum gases in the strong correlatioih dire interesting from an experimental
as well as from a theoretical point. Apart from opening neeraes of exploration in physics, they
are also highly amenable to theoretical treatment, allgvior detailed insight into many-particle
physics.

In our work we have calculated the exact many-body properdfea bosonic Tonks-Girardeau gas
confined in a harmonic potential with a tunalbkéunction barrier at the trap center. This system is
one of the few non-trivial examples where a mathematicadcesolution for the density matrix can
be found and from which, in turn, many interesting physicalperties can be derived.

Here we show the dependence of the density, the pair disoibfunction, the momentum distribu-
tion, and the coherence as a function of barrier height forpes of up to 50 particles. We find,
through diagonalization of the reduced single particlesitgrmatrix, that with increasing barrier
height the coherence of the sample becomes an oscillatiagidun of the particle number. This odd-
even effect is shown to also manifest itself in both the mdomerdistribution and the visibility of the
interference fringes at the end of free temporal evolutiBimally, we present an investigation into
the entanglement inherent in split Tonks gas samples.
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Vortex nucleation and non-equilibrium dynamics in a
Bose-Einstein condensate at finite temperatures

T. M. Wright!, R. J. Ballagh, A. S. Bradley'?, C. W. Gardinet, P. B. Blakié

! Jack Dodd Centre for Quantum Technology, Department of iBsyidniversity of Otago, Dunedin,
New Zealand
2ARC Centre of Excellence for Quantum-Atom Optics, Schd@hysical Sciences, University of
Queensland, Brisbane, Australia

Vortex nucleation and lattice formation in a rotationaltirred atomic Bose-Einstein condensate is
intimately connected to the thermal behaviour of the Bodd'ffe®, and thus provides an impor-
tant testbed for dynamical theories of cold bosonic gasetypisal experimerftinvolves stirring a
very cold condensate with an elliptically deformed rotgtirap. Angular momentum, in the form
of quantized vortices, is imparted to the condensate thraisgcoupling to the non-condensed frac-
tion. A non-condensed fraction may be formed by the excitatif dynamically unstable collective
excitations of the condensate, leading to a highly excitatksfar from equilibrium. The subsequent
dissipative relaxation to an equilibrium state thus reggimn analysis beyond a mean-field descrip-
tion, as recognised by a number of authors (&)g.

Here we present a model of vortex nucleation in a quasi-2Ddeosate initially atl” = 0 and
perturbed by a weakly anisotropic rotating trapping paééntn our approach the low energy dy-
namics of the Bose field are described using a classical fietthad in which the atom number and
(rotating-frame) energy are conserve®@ur approach allows us to quantify the development of the
thermal component, and determine its role in vortex nuidaand dynamics, during a strongly non-
equilibrium process. We discuss methods of temporal aisalys have developed to characterise the
field and identify the condensate in the presence of an ilaegilistribution of vortices, where tradi-
tional definition§ of Bose-condensation do not describe a single well-definoedensate mode. We
show that turbulent superfluidic behaviour can be distisigedl from thermal behaviour by analysing
temporal correlations of the field. We also determine thentloglynamic parameters of the thermal
component, and extract rates of excitation damping frontkhssical field trajectories.

1S. Sinheetal., Phys. Rev. Leti87, 190402 (2001).

2C. Loboetal., Phys. Rev. Lett92, 020403 (2004).

3K. Kasamatstetal., Phys. Rev. 267, 033610 (2003).

4K. W. Madisonetal., Phys. Rev. Lett84, 806 (2000); E. Hodbgtal., Phys. Rev. Lett88, 010405 (2001);
J. R. Abo-Shaeegtal., Science292, 476 (2001).

SA. S. Bradleyetal., Phys. Rev. A77, 033616 (2008).

60. Penrosetal., Phys. Rev104, 576 (1956).
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Quantum Fluctuation Effect in Dynamical Instability of
Bose—Einstein Condensate with a Highly Quantized Vortex

T. Sunaga, M. Mine', K. Misad®, Y. Yamanaka

!Department of Physics, Waseda University, Japan
ZYukawa Institute for Theoretical Physics, Kyoto Univetsiapan
3Department of Electronic and Photonic Systems, Wasedaetsify, Japan

The Bose-Einstein condensation, which occurs in many-lipdntum system, should ultimately
be treated by the quantum field theory. There the quantunsfielelscribing quantum fluctuation,
are usually expanded in terms of an appropriate completef seave functions corresponding to a
quasi-particle picture. The Bogoliubov-de Gennes (BdG¢igns whose eigenfunctions form such
acomplete set, are used for a number of theoretical workissmapped Bose-Einstein condensjtes
and are known to give the energies of the quasi-particlesnahiehe eigenvalues are real. The BdG
equations can have complex eigenvalues in general, andigterece of complex modes is associated
with the dynamical instability, that is, the decay of thetiadiconfiguration of the condensateln
our previous work we have developed a consistent formulation of the quantulch theory in the
presence of complex eigenvalues of the BdG equations. We @iisen the complete set including
complex modes and expanded the quantum field. It is then stimtithe state space is an indefinite
metric one and that the free Hamiltonian is not diagonaleabthe conventional bosonic represen-
tation. However, it is not clear yet how one should selecintwra states (called physical states),
reflecting the instability of the condensate. In order talgtthe instability, we have formulated the
linear response of the density against the time-depenaésrtnal perturbation within the regime of
Kubo'’s linear response theory. In this work, we examine sv@ndidates of quantum states for a
system with a highly quantized vortex. We find suitable ptgisstates by numerical calculations, im-
plying that they lead to the positive-definite fluctuatiomsiéy and the time evolution of the density
fluctuation representing the splitting from a highly quaetl vortex to single vortices properly.

1L. Pitaevskii and S. StringarBose-Einstein Condensati@xford University Press, New York, 2003).
2M. Mine, M. Okumura, T. Sunaga and Y. Yamanaka, Ann. PB22 2327 (2007).
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Rydberg excitation of a Bose—Einstein condensate

Tilman Pfau, Rolf Heidemann, Ulrich Raitzsch, Bjorn Butsc, Vera Bendkowsky, Robert Low

5. Physikalisches Institut, Universitat Stuttgart, Péafvaldring 57, D-70550 Stuttgart, Germany,
t.pfau@physik.uni-stuttgart.de

Rydberg atoms provide a wide range of possibilities to tditeractions in a quantum gas. Here
we report on Rydberg excitation of Bose-Einstein condefi5Bth atoms. The Rydberg fraction was
investigated for various excitation times and temperatai®ve and below the condensation temper-
ature. The excitation is locally blocked by the van der Waatisraction between Rydberg atoms to
a density-dependent limit. Therefore the abrupt changleothiermal atomic density distribution to
the characteristic bimodal distribution upon condenseatiould be observed in the Rydberg fraction.
The observed features are reproduced by a simulation baskeda collective Rydberg excitations

1

The excitation dynamics was investigated for a large rarfgeeasities and laser intensities and
shows a full saturation and a strong suppression with réspsmngle atom behaviour. The observed
scaling of the initial increase with density and laser istgnprovides evidence for coherent collective
excitation. This coherent collective behaviour, that wasesved for up to several thousand atoms
per blockade volume is generic for all mesoscopic systenishadre able to carry only one single
quantum of excitatiof.

Despite the strong interactions the evolution can still @eersed by a simple phase shift in the
excitation laser field. We experimentally prove the coheeerf the excitation in the strong blockade
regime by applying an optical rotary echo technique to a $ampmagnetically trapped ultracold
atoms, analogous to a method known from nuclear magnetimaese. We additionally measured
the dephasing time due to the interaction between the Ryatiems®.

1R. Heidemann, U. Raitzsch, V. Bendkowsky, B. Butscher, &vLand T. Pfau
"Rydberg excitation of Bose-Einstein condensates”
Phys. Rev. Lett100, 033601 (2008).

2R. Heidemann, U. Raitzsch, V. Bendkowsky, B. Butscher, ®&vLL". Santos, T. Pfau
"Evidence for coherent collective Rydberg excitation ie girong blockade regime”
Phys. Rev. Lett99, 163601 (2007).

3U. Raitzsch, V. Bendkowsky, R. Heidemann, B. Butscher, ®w,LT. Pfau
"An echo experiment in a strongly interacting Rydberg gas”
Phys. Rev. Lett100, 013002 (2008).
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A high flux source of magnetically guided ultracold
chromium atoms

Tilman Pfau, Alex Greiner, Jimmy Sebastian, Anoush Aghajahesh, Markus Falkenau,
Axel Griesmaier

5. Physikalisches Institut, Universitat Stuttgart, Péafvaldring 57, D-70550 Stuttgart, Germany,
t.pfau@physik.uni-stuttgart.de

BEC production is typically performed by a time sequenceatfling steps leading to an average
yield of 10° to 107 atoms/sec for the best alkali experiments ar@®atoms/sec for chromium
BEC . Considerable effort has been invested into the concepttofly cw atom laser based on
a magnetic guide which is loaded with ultracold atoms. Tlyghést reported flux of magnetically
guided alkali atoms approached ®®atoms/sec 2.

Due to the high magnetic moment, chromium atoms are paatigulvell suited for magnetic guiding.
As the required magnetic field gradients are well compatibth gradients required for a magneto-
optical trap (MOT) a moving molasses MOT can be installechnduide for loading without mode
matching problems. The MOT is fed by a Zeeman slower.

We observe a flux of up to 60° chromium atoms at a velocity of 6:2/sec. The velocity could
be tuned by the frequency difference between the molasseasbetween 2 and 2@ /sec. The
guide was made of four current carrying wires separated ®y. leading to a magnetic gradient
of 13 G/cm. Downstream the guided beam is radially compressed by megltlee wire distance
to 9 mm and a gradient of 356//cm. In this area the flux and the temperature of the beam was
measured by laser induced fluorescence. Radial and lomggduémperatures were 1+2 K in the
compression zone. The beam will serve as an intense souomdoftoms to load an optical dipole
trap (ODT) continuously. Future experiments are headimgitds the demonstration of a high flux
cw atom laser.

ZS Heam

Figure 1:Magnetic guide for ultracold chromium atoms. The total fgngf the guide is 1.4n.

1A. Griesmaier, J. Werner, S. Hensler, J. Stuhler and T. Ffays. Rev. Lett94, 160401 (2005).
2T. Lahaye, J. M. Vogels, K. Guenter, Z. Wang, J. Dalibard, BnGuéry-Odelin, Phys. Rev. Let93, 093003
(2004).
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Controlled entanglement of spin and motional state of a
Bose-Einstein condensate on a microwave atom chip

P. Bohi*2, M. Riedel -2, J. Hoffrogge'?, T. W. Hansch?, P. Treutleii-?

'Ludwig-Maximilians-Universitat, Miinchen, Germany
2Max-Planck-Institut fiir Quantenoptik, Garching, Gerrgan

We report on an experiment in which we use spin-dependenmbputentials to manipulate the quan-
tum state of Bose-Einstein condensates (BECs) on an atgm dlie potentials are generated by
a combination of static magnetic and microwave near-figidfié proximity of on-chip microwave
guiding structures. Microwave dressing of hyperfine statksvs us to adjust the spin-dependence
of the potentialg.

We prepare 8"Rb BEC in a superposition of the two internal spin stdtés= |F = 1,m =
—1) and|1) = |F = 2,m = 1) and use the spin-dependent potentials to split and recamibi
corresponding motional wave functions (see Fig. 1). Ranrseyferometry is used as a probe of
the dynamics. The splitting process entangles the spin abnal quantum state of the atoms in
a controlled way and leads to a collapse of the Ramsey imggrée contrast. After recombining the
wave packets of the two spin states we observe a revival oftbegerence fringes, which shows that
the manipulation is coherent.

The spin-dependent splitting process is a key ingrediaratfam chip quantum gates, which rely on
collisions in a spin-dependent potential to generate gheament between atonis? It could further-
more be used to study interaction-induced effects such aseptiiffusion and entanglement in small
BECs.

a) b)
U L |0y and |1)
//}W -~ only |1)

™% only |0)

Figure 1: Spin-dependent spatial splitting of a BEC with microwavarffeeld potentials. (a) Atom
chip layout with microwave guiding structure. Potenfiglfor internal statds) (i = 0, 1) is sketched.
(b) Absorption images of BECs in a superposition of the sfaites|0) and|1) after splitting the cor-
responding wave functions with the microwave potentiah: Tmth states are imaged. Center: only
state|1) is imaged. Bottom: only sta{6) is imaged.

1p. Treutlein, T. W. Hansch, J. Reichel, A. Negretti, M. ArdZie, and T. Calarco, Phys. Rev.74, 022312
(2006).
2p. Treutleinet al,, Fortschr. Phys54, 702 (2006).
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The splitting two-fluid hydrodinamic equations for
Bose—Einstein condensate

V. I. Tsurkov'2

!Georgia Southwestern State University, Americus, GA 3106%
2Computing Center of RAS, Moscow, 119991, Russia

The subject of the consideration is the set of two-fluid hyiiramic equations (see, for exampf@
9p/0t + 9(psvs + pnvn)/0x =0, p = ps+ pn,

0(psvs + prvn) [0t + O(psv + puvyn)/Ox + dp/dz = 0,
Qs JOt + D(v2 /2 + p)/dx = 0,
88/0t + 8(Svn) [0z = 0,

wheret is the time,z is the spatial coordinate is the density,S is the entropy per unit volume,
ps\pn andwvs\v, are the superfluid normal density and velosity respectively,is the chemical
potentialp is the pressure.

We use these equations for the degenerate ideal Bose gafo(seample’). Thenp,, is proportional
to S. The equation of state js = BS®/® (B — const). Ignoring at first the dependencerobn
|vs — vn| according to the methodologywe obtain finally two splitting pairs of equations with
respect to the variables,, S, andv,, R = (p — AS), whereA is the constant

Qv |0t + v, 0vn, /O + (9p/DS)(S) ' 0S/dx = 0,

0S/0t + SOvy, [0z + v, 0S/0x = 0,

and
Ovs /Ot + vs0vs [0z = 0,

OR/dt + ROvs [0z + vz:0R/dx = 0.
The coupled equations are more complicated in general chee wvdepends on the small value
[vs — vn.
The main results are unstable sharp peak density solutfdhe anitial value problems with respect
to small perturbations and singular solutions of the Riem@noblem by analogy t&°°.

11.M. Khalatnikov, “An introduction in the Theory of Superitlity”, W.A. Benjamin, New-York (1965).

2E. zaremba, T. Nikuni, and A. Griffin, J. Low. Temp. Phys., 1267 (1999).

3L.D. Landau, and E.M. Lifshitz, Statistical Physics. Pa(8id edu). Pergamon, Oxford (1980).

4V.1. Tsurkov, Comput. Math. Math. Phys., 11, 488 (1971).

5V.I. Tsurkov, “Majorant Catastrophe of Eulerian Gas DynesriEquations for Bosons”, Felicity Press, USA
(1998).

6\.I. Tsurkov, J. Low. Temp. Phys., 138, 717 (2005).
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Effect of various time dependent longitudinal traps on
Bose-Einstein condensate

Utpal Roy, S. Sree Ranjanj P. K. PanigraHi, A. K. Kapoor

! Dipartimento di Fisica, Universita di Camerino, 1-62032@erino, Italy
2School of Physics, University of Hyderabad, Hyderabad 5a0Mdia
3Indian Institute of Science Education and Research (IISata, Salt Lake, Kolkata 700106,
India

The temporal variation of non-linearity coefficient or thertsverse trapping potential produces Fara-
day waves, which is recently observetin a cigar-shaped Bose-Einstein condensate (BEC) involv-
ing Bogoliubov modes. In this work, we study the effect ofieas longitudinal trap variations in
BEC. The solution of the Gross-Pitaevskii equation withaidependent parameters results a sta-
tionary Schrodinger eigen value equation, where the eohgtart of the potential acts as the eigen
value®. A number of variations in the oscillator frequency can balygtically incorporated. We
study both sinusoidal and transient variations of the fmatjal trap frequency on BEC profile. The
transient variations include hyperbolic cotangent funeiand delta kick$. We observe amplifica-
tion, spreading of the BEC profile and various center of mast$ams, resulting coherent control of
cigar-shaped BEC.

IM. Faraday, Philos. Trans. R. Soc. Londb21, 299 (1831)

2p. Engels, C. Atherton and M. A. Hoefer, Phys. Rev. L@®.95301 (2007)

SR. Atre, P. K. Panigrahi and G. S. Agarwal, Phys. ReV.32056611 (2006)

4S. S. Ranjani, Utpal Roy, P. K. Panigrahi and A. K. Kapaond-mat/0804.288(2008)
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Noise and correlation measurements using single atom
detection

V. Krachmalnicoff, D. Boiron®, A. Perrin:?, H. Changd’3, M. Schellekens, V. Leund,
J.-C. Jaskulg A. Aspect, C. I. Westbrook

!Laboratoire Charles Fabry de I'Intitut d’Optique, CNRS, MiParis-Sud, Campus Polytechnique
RD128 91127 Palaiseau, France
2 Atominstitut deiOsterreichischen Universitaten, TU Wien, A-1020 Vierastria
3National Time Service Center, Laboratory of Frequency ainteTStandards, 3, Shuyuan DongLu,
Lingtong, 710600 Xi'an P.R.China

In this poster we will present the creation of correlatioasA®en the atoms scattered during the col-
lision of two Bose-Einstein condensates of metastablaitrelitoms' . The detection of the atoms
and the measurement of the second order correlation funigiperformed with a single atom 3D
detector based on a micro-channel plate with a delay linel@nd®/e show that atoms of opposite
momenta (in the center of mass frame) as well as atoms oheallimomenta are correlated. The
back to back correlation corresponds to the formation ofmatgairs and is a consequence of the
elastic scattering of two atoms of initial well defined mor@enThe collinear correlation is related
to the bosonic bunching of randomly scattered atoms whittheigdanbury Brown Twiss effect. We
show that in both cases the correlation lengths are relatétetmomentum distribution of the col-
liding condensates. The correlation functions we obsemd to a study of the violation of classical
inequalities and of a reduction of atom number fluctuations.
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Figure 1: a) Slice of the scattering sphere. The two colliding condess(l and Il) and the scatter-
ing shell are visible. b,c) Back to back and collinear coatén function along the long axis of the

trapped condensate.

1A. Perrin et al, "Atom-atom correlations in spontaneousr faave mixing of two colliding Bose-Einstein
Condensates” Phys. Rev. Lett., Vol. 99, 150405, 2007.
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Bose Condensates with Smal-wave Scattering Lengths:
Effect of Dipolar Interaction

Y. P. Chen, D. Drieg’, J. Hitchcock, R. G. Hulet

!Department of Physics and Birck Nanotechnology Centerxl&itJniversity, West Lafayette IN
47907 USA

2Department of Physics and Astronomy and Rice QuantumutsstiRice University, Houston TX
77005 USA

Using a variational approach, we have calculatedrikgtu size and time-of-flight (TOF) expansion
of a cylindrically symmetric Bose-Einstein Condensate (B&/hen thes-wave scattering lengthu)

is close to zero (which can be realized via, for example, alsash resonance). We have specifically
investigated the effect of dipolar interactions when thgneiic moment of the atoms is nonzero, and
examined the dependence of the dipolar effect on the nunflzoms, trap geometry and.. For a
2Cr BEC, we obtain quantitative agreement with observatinmecent experiments [1], and predict
a collapse due to dipolar interaction to occur at positive(~14+1a,, using parameters similar
to those in [1]). We have also performed calculations for BBCalkali atoms, where the dipolar
interactions are much weaker than®tCr. We will show how our calculations may help measure
smallas and locate the zero- crossings. [1] T. Lahayal., Nature448 672 (2007); J. Stuhlest al.,
Phys. Rev. Lett95, 150406 (2005)
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Holographic Storage of Multiple Coherence Gratings
in a Bose-Einstein Condensate

Y. Yoshikawa 2, K. Nakayama3, Y. Torii*2, T. Kuga

nstitute of Physics, University of Tokyo, Japan.
2PREST, CREST, Japan Science and Technology Agency, Saltgaa.

Recently, the conversion of quantum state between atomptasidns has been an important subject
in the field of quantum information processing. However,ihenber of modes for the atom-photon
conversion per atomic cloud was limited to one in the previsorks. Here, in this poster, we report
a novel technique capable of multiplexed storage of atomierence and independent conversion
to photons in a single atomic cloud. We also performed thefpobprinciple experiment using
superradiant Raman scattering in an elongated cloud of-Bosstein condensate

Figure 1(a) and (b) show an experimental setup and an emherglydiagram, respectively. A rubid-
ium condensate in the stdte is firstirradiated by an off-resonant “write” beam, and a Bifinaction

of atoms is coherently transferred to the stayeby emittingo+-polarized anti-Stokes photons along
the long axis of the condensate. Then, an atomic cohereatiegwith a corresponding recoil wave
vector is created in the atomic cloud. To convert the gratmghotons, another “read” beam is
applied to the atoms. When the read beam is counter-prapggatthe write beam (to satisfy the
Bragg condition), it diffracts off the grating in a superia@tt way ands ~-polarized Stokes photons
are emitted along the opposite direction to the anti-Stqlestons [Fig. 1(c)]. By contrast, when
the read beam is not counter-propagating, Stokes proces®igly suppressed owing to the phase
mismatching, and the grating is kept stored in the cloud.[Hid)]. Using this Bragg selectivity, mul-
tiplexing of the write-read process can be realized by dpglywo phase-matched write-read beam
pairs [Fig. 1(e)].

(a) W’ri{le\ 1) wie Read 1@ wm;
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Figure 1:(a) Experimental setup and (b) energy-level diagram. &)spow the observed waveforms
of the scattered photons for various write-read configumasi.

Y. Yoshikawaet.al. Phys. Rev. Lett99, 220407 (2007).
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Gross-Pitaevskii equation for a BEC of polarized
molecules: anisotropic mass

A. Derevianko

Department of Physics, University of Nevada, Reno, Neva8&aBUSA

So far the theory of Bose-Einstein condensates (BEC) ofrizeld molecules was based on an
ad hoc generalization of equations for spherical atoms.e H@dopt a rigorous approach to tun-
able low-energy dipolar interactiohand derive a non-linear mean-field Schrodinger equatiom fo
harmonically-trapped condensate of polarized dipolesiriveaat the following dipolar GPE for a
condensate wavefunctioh

<—2h_MA +U (r) + go |V (r)|2) W (r) + ga <% | (r)|2) U (r) = po¥ (r).

The derivative is taken along the polarizing field. The newltyoduced coupling constamt; is
proportional to the off-diagonal scattering length chégdzing mixing ofs andd partial waves by
the non-spherical dipolar collision process.
The corresponding result for the energy functional suggegtoducing effective mass along the
polarizing field,

MZZ (r) = M/(1 = 8gaM n (r) /h%),
where the number density(r) = |¥(r)|>. The mass remains “bare() for the motion perpendic-
ular to the polarizing field. Effectively, the dipolar ingmtions alter molecular mass. The resulting
effective mass is anisotropic: to the leading order the rsattered only for the motion along the
polarizing field. For a typical BEC of alkali-metal atoms #féective mass is reduced by 10% from
it's bare value. For molecules, the mass may be reduced Intar faf 1,000.

negative

Figure 1: Effective anisotropic masa/:f (r) as a function of position for a condensate cloud in a
harmonic trapping potential. The BEC is mechanically ubktan the region of negative effective
mass.

1A. Derevianko, Phys. Rev. A 67, 033607 (2003), Phys. Rev. A032901(E) (2005)
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Feshbach Resonances in ultracolé’K + 8"Rb mixture

S. Banerjee, M. Gacesa, P. Pellegrini, R. Coté

Department of Physics, University of Connecticut, Stdb,06269, USA

We report a theoretical study of Feshbach resonance$K & 3"Rb mixture at ultracold temper-
atures using accurate interaction potentiatsa full quantum-mechanical coupled channel calcu-
lation. Feshbach resonances in the initial collision opeanoel’“K(f = 9/2, m; = —9/2) +
8Rb (f = 1, my = 1) are found to agree with previous measurements, leadingetige values of
the singlet and triplet scattering lengths for the systene. piédict additional Feshbach resonances
within experimentally attainable magnetic fields for othellision channels, and propose a realistic
scheme for formation of stable ultracold KRb molecules gi$ieshbach-optimized photoassociation
(FOPAY.

1A. Pashov et al., Phys. Rev. 76, 022511 (2007)
2p_Pellegrini et. al., Arxiv. Article ID 0806.1295
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Singly excited doublet’ Li, + 7 Li potential energy surface
for the formation of ultracold trimers

Jason N. Byrd, H. Harvey Michels, R. Coté

Department of Physics, University of Connecticut, Stdb§,06269, USA

With the success of ultracold molecular formation amongathkali metals over the last few years,
the dynamics of molecules in an ultracold trap has becomenaoriant topic of interest to many
physicists. Both heteronuclear and homonuclear Lithiuataihs have been formed in the ground
electronic state with great success using combinationbatgassociation and Feshbach resonances.
Furthermore, recent theoretical proposdlave shown an efficient production of diatoms in the deep-
est vibrational states, thus allowing true ground statksoohs. Recent theoretical studies of the spin
aligned quartet ground state collisional process in bagh kibrational statésand deeply bound vi-
brational stateshave been done. To study the formation of ultracold trimseisgiphotoassociation,
accurate long and short range potential energy surfacesbausiown. However, to date the study
of the excited Lithium trimer has been restricted to onlyrshange$.

We present initial potential energy surface calculatiohthe excited Lithium trimer in the doublet
state,Li2[X 'S} ]+ Li[* P.,], at both long and short ranges. The fabinitio surface to be calculated

is theZA” surface withC', symmetry, which can be extendedd@s, andC..., geometries for spec-
troscopic considerations. After which thel’(2) states will be calculated giving the complete singly
excited potential energy surface. The transition momeata/déen the excited and ground doublet
state are also calculated for each state. This surface antbthesponding transition moments will
be used to calculate the scattering properties of the ekditeblet state for both elastic and inelastic
collisions. In addition to the scattering properties, thestbach resonances will also be calculated
for the study of photoassociation production of ultractld.

Iphilippe Pellegrini, Marko Gacesa and Robin Coté, ai08@:6.1295v1 (2008)
2G.Quémeéner, Jean-Michel Launay and Pascal Honvauls.FRgv. A, 75, 050701 (2007)
3Marko T. Cvitaggtal, J. Chem. Physl27, k 074302 (2007)

4H.-G. Kramergtal, Chem. Phys. LetR99 212 (1999)
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Two-photon femtosecond photoassociation — better
perspectives for coherent control?

C. P. Koch

Institut fir Theoretische Physik, Freie Universitat BerArnimallee 14, 14195 Berlin

Photoassociation (PA) has emerged as a technique to cigateold molecules in their electronic
ground state. Since it requires in principle only the preseof optical transitions, PA presents
itself as an ideal candidate for coherent control with sisbdped laser pulses. First attempts at
femtosecond PA were, however, hampered by what seemed ¢zlhical difficultied. Indeed, the
broad bandwidth of femtosecond lasers appears to be arcteb&iaPA rather than a tool for control:
Only a small band of transition frequencies close to the aaesonance contribute significantly
to the PA yield, while at the same time, excitation of the dtonesonance needs to be avoided.
Theoretically, picosecond pulses in a pump-dump scheme steggested since their bandwidth is
better adapted to PA. However, picosecond pulse shapingehias be developed.

A non-resonant two-photon process might resolve the o&termonflict of driving a narrow-bandwidth
transition by a broad-bandwidth ladeiFor excitation with more than one photon, constructive and
destructive interferences can be achieved for differetitvgays of the field, in addition to the differ-
ent pathways which the molecule can take. While two-photmsogption may pave the way toward
coherent control of PA, the success of the scheme will utiéhgadepend on the involved electronic
states and transition frequencies. Here we discuss thpqmiges of two-photon femtosecond PA
for alkali and alkaline earth metal dimers.

1w. Salzmann et al., Phys. Rev.78, 023414 (2006). B.L. Brown, A.J. Dicks, and I.A. WalmslefyB. Rev.
Lett. 96, 173002 (2006).

2C.P. Koch, E. Luc-Koenig, F. Masnou-Seeuws, Phys. Rex3/433408 (2006).

3D. Meshulach and Y. Silberberg, Natug86, 239 (1998).
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Spectroscopy of Ultracold*'K*"Rb Molecules using
Resonance Enhanced 2-photon lonization

D. Akamatsd, K. Aikawa', M. Hayasht, J. KobayasHi, T. Kishimotd”3, K. Noda, M. Ued&"*,
S. Inouyé-?

! Department of Applied Physics, The University of Tokyo,dépmBunkyo-ku, Tokyo, Japan
2ERATO Macroscopic Quantum Control Project, JST, Yayoi kgarku, Tokyo, Japan
3The University of Electro-communications, Chofu, Tokppah
‘Department of Physics, The University of Tokyo, Hongo, Boukki, Tokyo, Japan

Ultracold polar molecules have attracted enormous intéoesarious applications such as quantum
computation, ultracold chemistry, and elementary patpysics. One of the promising ways to
create such ultracold molecules is to start with laser ecba®ms, associate them with Feshbach
resonance and transfer them to the absolute ground stdteStihulated Raman Adiabatic Passage
(STIRAP). To efficiently convert Feshbach molecules intolate ground state moleules, finding a
proper intermediate state is essential. Thus we set up aTtimgnt to study Frank Condon factors
between ground and excited states using ultracold molecule

We start with a double species MOT &fK and ®"Rb, and photoassociate K and Rb by shining a
laser beam red detuned from Rh Dne. In order to increase the photoassociation rate, weldev
oped CMOT (Compressed-MOT) process, which simultaneatmys and compresses both clouds.
Measured densities and temperatures wer@@' cm>and 400uK for K and 4x10'* cm™3and
100K for Rb, respectively. The photoassociated moleculesatiagily decay to both singlet X+
and triplet &2 ground states. These molecules are ionized through resermhanced 2-photon
ionization. Here 10ns-pulses from a dye laser with 10 Hztitpe rate were used. The ionized
molecules are detected with a Channeltron. The spectruimeofibrational energy levels were ob-
tained with scanning the excitation frequency. The expenitally obtained energy levels match with
those fromab initio calculations.

The increase in phase space density which is attained watiEMOT stage is also quite useful for
an experiment aimed for quantum degeneracy. For examglentlg we have successfully produced
a BEC of 2<10° *'K via evaporative cooling. It is known thatK and®”Rb has several Feshbach
resonances at low field. Thus once a proper transition forR8PIis identified, the quantum degen-
erate mixture of'K and®"Rb should serve as a good starting point from producing agtcapolar
molucules.
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Time-Domain Measurement of Spontaneous Vibrational
Decay of Magnetically Trapped NH

H.-1 Lu®? W. C. Campbefl?, G. C. Groenenboofy E. Tsikatd'?, J. M. Doyle3

!School of Engineering and Applied Sciences, Harvard UsitgrCambridge, MA 02138, USA
2Harvard-MIT Center for Ultracold Atoms, Cambridge, MA 0B1RJSA
3Department of Physics, Harvard University, Cambridge, MA®8, USA
“Theoretical Chemistry, Institute for Molecules and Madési(IMM), Radboud University
Nijmegen, Toernooiveld 1, 6525 ED Nijmegen, The Nethesland

Thev = 1 — 0 radiative lifetime of NHE?*X ™, v = 1, N = 0) is determined t0 b&,ad,exp. =
37.040.55tat o 2syst MS ms, corresponding to a transition dipole momentef| = 0.054070 0079

D. To achieve sufficiently long observation times, NFf(>~,v = 1) radicals are magnetically
trapped using helium buffer-gas loading. The rate con$taiackground helium-induced collisional
quenching was determined to be—; < 3.9 x 10~ '® cm®s™!, which yields the quoted systematic
uncertainty onryaq,exp.. With a newab initio dipole moment function and a Rydberg-Klein-Rees
potential, we calculate a lifetime of 36.99 ms, in agreemtit our experimental value.
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A High Flux Continuous Source of Guided Polar
Molecules

D. Patterson, J. Rasmussen, J. M. Doyle

Harvard University, Cambridge, MA 02138 USA

A high flux cold guided source for translationally and ratatlly cold molecules and atoms has
been demonstrated. Building on our earlier work to create beams, we have been able to guide
polar molecules (NB), separating them from a buffer gas of cold helium or coldmnd&dontinuous
guided fluxes ofl0*! molecules/second and unguided fluxes of more tt@A molecules/second,
with forward velocities in the range of 50-150 m/sec, haverbachieved. Possible applications for
this general, high flux beam source will be presented, iristudollisional studies, loading magnetic
and electrostatic traps, and applications to precisionsoreaent.

ICAP 2008, Storrs, CT, USA, July 27 — August 1, 2008 395




“thebook” — 2008/7/11 — 16:33 — page 396 — #418

Poster Session Ill: Thursday, July 31 TH71 Cold Molecules
Microwave Trapping of Buffer Gas Cooled Molecules

D. R. Glenn, J. F. Barry, D. M. Farkas, A. C. Vutha, J. A. PéticD. DeMille

Department of Physics, Yale University, New Haven, CT 06858A

We describe progress towards the realization of a propésalapture cold Strontium Oxide (SrO)
molecules in a high power microwave trap. Our proposed pobtor producing ultracold molecules
is outlined schematically in Fig.1. Laser ablation of sgi@cursor [A] yields a molecular vapor in
a buffer gas cell. The molecules are cooled in their traiwslat and internal degrees of freedom by
thermalization with 4.2 K helium buffer gas [B]. Part of tHeetmalized sample is extracted from
aperture [C] in the cell wall. An electrostatic quadrupoledg [D] transports the rotationally excited
|J = 1,2;m = 0) states of the Boltzmann distribution to a differentiallyngeed UHV trapping
region. Upon reaching the trap volume, molecules are cootigly transferred into the trapped
rotational ground state/ = 0;m = 0) using a dissipative optical pumping process [E]. The trdppe
molecules [F] are then cooled sympathetically (by collisiovith ultracold atoms in an overlapping
MQOT, not shown) or evaporatively.

Figure 1:Schematic of Cooling Procedure

We present data that shows an ablation yielé-06'2 molecules per pulse. Molecular fluorescence
measurements of the beam flux indicate that an extractianesféiy of~10~3 can be attained in the
effusive flow regime with an appropriate aperture. Data destrating transverse beam confinement
by the electrostatic quadrupole guide are also shown. Warohtflux enhancement factor of about
2.5 (averaged over all guided rotational states) for a gofd® cm length, consistent with numerical
simulations. In addition, we present the results of a nucaédalculation to determine the efficiency
of the continuous dissipative loading scheme. For our ggétenetry and a molecular beam with 4.2
K forward kinetic energy, a trap-loading efficiency of absut 10~2 should be attainable. Finally,
we describe measurements on microwave trap prototypes wtideothe final cavity design. We
have demonstrated resonator quality factgrs 5 x 10~%, and have determined that 1.2 kW of input
power can be dissipated while holding the mirror tempeegtbelow?0 °C. Given these parameters,
it should be possible to attain trap depthsdf 1 K for SrO. This work is supported by the ARO and
the NSF.

1D. DeMille, D.R. Glenn, and J. Petricka,“Microwave Traps @old Polar Molecules”, Eur. Phys. J. 81,
375-384 (2004).
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Towards Ultracold Mixtures and Molecules of Lithium
and Ytterbium Atoms

A. Hansen, A. Khramov, J. Smith, W. Willcockson, W. Engligh Weh, S. Gupta

Department of Physics, University of Washington, Seatiks,98195

Exquisite control of interactions between ultracold atésmsow possible using scattering resonances.
Ultracold diatomic molecules can also be formed using Fasihiand photoassociation resonances.
Applying these methods between two different atomic spgecan lead to novel quantum phases
of matter. These include Fermi superfluids with mass imlaasnd strongly dipolar molecular
superfluids. Further, stable ultracold dipolar molecukamnples are promising systems for precise
tests of fundamental symmetries and time variations of dumehtal constants. We will report on
progress towards building a system of ultracold lithium gttdrbium atoms to achieve these goals.
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Ultracold Production and trapping of ultracold RbCs
molecules

Eric R. Hudsoh, Nathan B. Gilfoy, St. Falke, C. D. Bruzewicz, S. Kotochigova, D. DeMille!

! Department of Physics, Yale University, 217 Prospect Stiéew Haven, CT 06511, USA
2Department of Physics, Temple University, Philadelph# 19122, USA

The electric dipole-dipole interaction provides a strologg-range, tunable anisotropic interaction
between polar molecules. This is fundamentally differeof most interactions studied between ul-
tracold atoms, which are typically isotropic and compasdyi short-ranged. Features of the dipole-
dipole interaction can lead to many novel and exciting phegrma, such as long-range topological
ordett, quantum chemistfy and the possibility for quantum computatiorFurthermore, the pres-
ence of closely spaced internal levels of the molecudeas, 2-doublet, rotational, and vibrational
levels, presents a host of new possibilities for precisi@asurement of fundamental phygicsA
trappedultracold sample of polar molecules, which will provide high densitiend long observation
times, is thus a necessary step for observing these phemomen

We have recently confined ultracold RbCs molecules in arcabtattice trap. Currently, these
molecules are in high-lying vibrational levels of tH&5a" electronic ground state. Inelastic collision
rates of these molecules with both Rb and Cs atoms have bésmmilged for individual vibrational
levels, across an order of magnitude of binding energiesmfsle model for the collision process is
shown to accurately reproduce the observed scattering rate

We are currently implementing an improved version of a pafoih transfer process, previously
demonstrated in our lab with pulsed ladetts transfer trapped molecules from th&4 state into
the X'~ (v = 0) absolute ground state. This state possesses a largectisotie momenty ~ 1.3
Debye). By this method, we expect to trap a sample df0* absolute ground state polar molecules
(X'=T(v=0; J = 0)) at a temperature 8§20 uK and density of> 10° cm™2. These molecular
temperatures and densities should allow the observatiomof of the aforementioned phenomena.
We will report on our recent measurements of ultracold istegtamolecular collisions as well as our
progress towards the trapping of absolute ground state palbecules.

1A. Micheli, G.K. Brennen, and P. Zoller, Nature Physics 2] 82006).
2E.R. Hudson et al., Phys. Rev. A 73, 063404 (2006).

3D. DeMille, Phys. Rev. Lett. 88, 067901 (2002).

4D. DeMille et al., Phys. Rev. Lett. 100, 043202 (2008).

5E.R. Hudson et al., Phys. Rev. Lett., accepted (2008).

6J.M. Sage et al., Phys. Rev. Lett. 94, 203001 (2005).
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Repulsive shield between polar molecules

A. V. GorshkoV, P. Rabt 2, G. Pupilld**, A. Micheli®*, P. Zolle?**, M. D. Lukin*2,
H. P. Buichle?

!Physics Department, Harvard University, Cambridge, MABRIUSA
2Institute for Theoretical Atomic, Molecular and Optical y&ics, Cambridge, MA 02138, USA
3Institute for Quantum Optics and Quantum Information, 602@sbruck, Austria
“Institute for Theoretical Physics, University of Innsbkpu6020 Innsbruck, Austria
STheoretische Physik IIl, University of Stuttgart, 70156t8fart, Germany

We propose and analyze a technique that allows to supprelsstic collisions and simultaneously
enhance elastic interactions between cold polar molecdles main idea is to cancel the leading
dipole-dipole interaction with a suitable combination &t electric and microwave fields in such
a way that the remaining van-der-Waals-type potential foenthree-dimensional repulsive shield.
We analyze the elastic and inelastic scattering crossogectelevant for evaporative cooling of polar
molecules and discuss the prospect for the creation ofadliyst structures.
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Magnetic trapping of atomic nitrogen (**N) and

cotrapping of NH (X3%7)

M. T. Hummonr2, W. C. Campbel?, H.-| Lu*3, E. Tsikatd'?, Y. Wang2, J. M. Doyle"*?

! Department of Physics, Harvard University, Cambridge, N2A88
2Harvard-MIT Center for Ultracold Atoms, Cambridge, MA 0313
3School of Engineering and Applied Sciences, Harvard UsitggrCambridge, MA 02138

We observe magnetic trapping of atomic nitrogéhN) and cotrapping of ground state imidogen
(**NH, X3%7). Both are loaded directly from a room temperature beam uffebgas cooling.
We trap approximately x 10! N atoms at a peak density 6fx 10'* cm~3 at 550 mK. The
12 +5/-3 s 1/e lifetime of atomic nitrogen in the trap is consistent witlssovia elastic collisions
with the helium buffer gas. This results in a limit on tHéN-2He inelastic collision rate coefficient
of kin < 2.2 x 107 ¢ cm?® s~1. Cotrapping of*N and**NH is accomplished, with0®* NH trapped

molecules at a peak density ti® cm™3.

Trapped nitrogen density (arb)
e
/
7
/
—e—i

0 2 4 6 8 10 12
Time (sec)

Figure 1:Trapped nitrogen density vs. time after trap loading. Anaggntial fit (dashed line) to the

data yields al /e trap lifetime of 12+5/-3 s.
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Photoassociation of ultracold LiCs molecules

J. Deiglmayt 2, A. Grochold, C. Gluck , K. Mortlbauer, M. Repg, J. Langé, S. D. Kraft,
R. Westet, M. Weidemiillet, M. Aymar?, O. Duliet?

!Physikalisches Institut, Albert-Ludwigs-Universitaeurg, Germany
2Laboratoire Aimé Cotton, Orsay, France

Ultracold molecular gases find many applications, reachimign high resolution spectroscopy over
tests of the standard model to quantum chemistry and quacduamputing [1]. Heteronuclear alkali
dimers have a permanent dipole moment and therefore extibibg anisotropic and long-range
electric dipole interactions. This allows precise continternal and motional degrees of freedom
by electric fields, thereby offering intriguing perspeetvfor the study of strongly-correlated many-
body quantum systems. The LiCs molecule is an especiallyiging candidate for observing these
interactions, since it posses the strongest dipole monfeitakali dimers of up to 5.5 Debye in the
ground state [2].

Here we present the photoassociation of ultracold LiCs oubds, stabilized by radiative decay. The
molecules are detected using multiphoton ionization spscopy with a high-resolution time-of-
flight mass spectrometer [3]. Active photoassociation imerlapped Cesium dark SPOT/Lithium
MOT, loaded from a single Zeeman-slower, is found to yieldrargly increased production rate
compared to photoassociation by the trapping light of a pecies MOT [4]. We identify photoas-
sociation resonances in thé B potential up to 300 cm' below the 2$/5-6P5 /> asymptote. This
spectroscopic data makes the yet unknown connection fremettently measured inner part of the
B'II state [5] to the molecular asymptote and yields a signiflgantproved value for the ground
state dissociation energy. The perspectives for the ptmguof LiCs molecules in the absolute
ground state are evaluated and future experiments withteatald gas of polar LiCs molecules are
outlined.

In addition we have studied scenarios for the alignment whabld dipolar molecules, based on
combinations of static electric fields and strong laser $i¢&]. For this purpose we calculated the
static polarizability tensor for the ground state of alldrenuclear alkalis [7].

[1] Seee.g. H. L. Bethlem and G. Meijer, Int. Rev. Phys.Chem. 22,2008)
[2] M. Aymar, O.Dulieu, J. Chem. Phy422 204302 (2005)

[3] SD Kraftet al., Appl. Phys. B89, 453 (2007)

[4] SD Kraftet al, J. Phys. B39, S993 (2006)

[5] A. Steinet al,, to appearin Eur.Phys.J. D, (2008)

[6] B. Friedrich et D. Herschbach, J. Phys. Chem. A 103, 102899)

[7] J. Deiglmayret al., submittedto J. Chem.Phys.
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Quantum Gas of Deeply Bound Ground State Molecules

J. G. Danzl, E. Hallett, M. Gustavssoh M. J. Mark, R. Hart, N. Boulouf&, O. Duliel?,
H. Ritsch, H. C. Nagerl

Hnstitut fiir Experimentalphysik und Zentrum fur Quarteysik, Universitat Innsbruck, 6020
Innsbruck, Austria
2Laboratoire Aimé Cotton, CNRS, Université Paris-Sudi@LOrsay Cedex, France
3Institut fur Theoretische Physik und Zentrum fur Quaptersik, Universitat Innsbruck, 6020
Innsbruck, Austria

Ultracold samples of molecules are ideally suited for fundatal studies in physics and chemistry.
For many of the proposed experiments full control over théemdar wave function in specific deeply
bound rovibrational states is needed. We create an ulttaesise quantum gas of deeply bound Cs
molecules in they = 73 vibrational level of theX12; ground state, bound by more than 1000
wavenumbers ok x 30 THz . Weakly bound molecules are first produced on a Feshbachaese
from a Bose-Einstein condensate of cesium atoms. The mekeate then transferred to the= 73,

J = 2 level of the X state by coherent optical two-photon transfer using theR&H technique.
The transfer efficiency exceeds 80%. Coherence of the saisfiemonstrated in a Ramsey-type
experiment. We show that the sample is not heated duringahsfer, essentially inheriting the high
phase space density of the original atomic sample.

We discuss the progress for the implementation of the next st which we aim to transfer the
molecules into the rovibrational ground state- 0, J = 0 of the X state. Our results show that the
preparation of a quantum gas of molecules in arbitrary magibnal levels is possible and that the
creation of a Bose-Einstein condensate of molecules inaibnonic ground state is within reach.

1Danzlet al., manuscript submitted for publication
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Trapping Stark decelerated cold molecules

J. J. Gilijamse, S. Hoekstra, S. Y. T. van de Meerakker, GjeVei

Fritz-Haber-Institut der Max-Planck-Gesellschaft, BeriGermany

With a Stark decelerator, bunches of state-selected meleeuith a controlled velocity and with
longitudinal temperatures as low as a few mK can be produdé&er molecules are decelerated to
low enough velocity they can be loaded in a trap, and can beraiety studied exploiting the long
interaction times afforded by a trap.

We will present the use of three different types of traps. Bram electrostatic trap that relies on the
Stark shift of polar molecules. This trap has been used p®td, OD, CQa>II)*, and NHa'A)?

in this experiment. The lifetimes of several vibrationadilyelectronically excited states have been
measured with unprecedented accuracy.

A second trap, existing of two magnetic coils, confines makes using the Zeeman shift. So far it
has been successfully used to trap metastable NH. In cotidrinaith an electric loading field, this
trap can be used for a reloading scheme in which NH molecuéedexelerated to a standstill in the
metastabléa'A) state, optically pumped via ti{el®IT) excited state to the ground state, and finally
magnetically trapped in thi& 3>~ staté. We will report the first results of the implementation of
this scheme. A cheap and simple alternative to this techyiciaallenging electromagnetic trap is to
build a trap out of permanent magnets, as already demosedtirathe group of Jun Ye (JILA). Until
now we have used permanent magnets to retro-reflect groatel @H molecules and focus them
transversally as well as longitudinaily

LIF signal

2 3 4 5 6 7

Time (ms) Detection laser

(282 nm)

Figure : The retro-reflection experiment of OH molecules. Only tise THfrom a total 108) electrode
pairs of the decelerator are shown. The graph in the uppércieier shows a time-of-flight profile
for a beam of ground-state OH molecules decelerated fromm380to 15 m/s. The undecelerated
molecules arrive in the detection zone about 3 ms after firenluction in the source region, whereas
the decelerated ones take some 4 ms longer.

1The radiative lifetime of metastable G@311,v = 0), J.J. Giljamseet. al, JCP 127, 221102 (2007)

2Electrostatic trapping of metastable NH molecules, S. idtakt. al, PRA 76, 063408 (2007)

3Optical pumping of metastable NH radicals into the pararetigmground state, S.Y.T van de Meerakletr
al., PRA 68, 032508 (2003)

“Reflection of OH molecules from magnetic mirrors, M. Me#sétl al, NJP, in press (may, 2008)
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Progress Towards Forming Ultracold®*Rb, Molecules in
an Optical Dipole Trap

H. K. Pechkis, M. Bellos, R. Carollo, J. Ray Majumder,
E. E. Eyler, P. L. Gould, W. C. Stwalley

Department of Physics, University of Connecticut, Stdb,06269, USA

We report our progress towards the efficient production tvhobld Rk molecules in a quasi electro-
static optical trap (QUEST) by photoassociation (PA). TR¢E3T is loaded from a magneto-optical
trap (MOT), with additional cooling and compression stagesptimize the density and tempera-
ture. The trapped atom cloud is detected by absorption imgagMolecules will be formed from
the optically trapped atoms by PA to levels boundasyi-100 cnmi !, followed by radiative decay.
Employing the QUEST will allow optical trapping of Rhn the singletX '] state, as well as en-
hancing greatly the PA rates for forming these ultracoldenoles. We observed the enhancement of
PA in the optical dipole trap compared to PA in the MOT alonepped molecules in the dipole trap
will be detected by resonant-enhanced multi-photon idiima REMPI). We will present in more
detail our progress in experimentally forming ultracoldlewnles in the dipole trap and progress
toward experiments on collisions involving the trapped ecales. This work is supported by the
National Science Foundation.
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Weakly-bound molecules. Analysis by the Lu-Fano
method coupled to the LeRoy-Bernstein model.

H. Jelassi?, B. Viaris de Lesegmg L. Pruvost *

!|_aboratoire Aimé Cotton, CNRS, bat 505, univ Paris-Sud0%10rsay cedex, France
2Laboratoire Collisions, Agrgats, Ractivit, UMR 5589, IR®®, Université P. Sabatier, 118 Route
de Narbonne, 31062 Toulouse cedex France

We have performed experiments on the photo-associativetrsgeopy of cold®”Rb atoms, below
the 55 ,,-5p; /. dissociation limit, producing weakly-bound excited malles. With the trap loss
spectroscopy technique we have recorded spectra, whidhiettie the ¢, 0F and 1, molecular
vibrational series. The measured energies of the moletayeis allow us to determine properties of
the molecular potentials.

Such weakly-bound molecules are described by the dipgeleliatom interaction which varies, ac-
cording to the molecular symmetry, eitherlask?® or asl/R®, whereR is the inter-nuclear distance.
The eigen energies of the weakly-bound molecules are thgrcl@se to those obtained by the well-
known LeRoy-Bernstein model. The discrepancies to the lyeRarnstein law are due to the short
distance behavior of the molecular potential or to cougitgother molecular potentials due to in-
teractions, for example spin-orbit or spin-spin interacs. The analysis of the discrepancies reveals
these interactions.

To analyze the data, we have adapted the Lu-Fano methodnsastly applied to Rydberg atoms in
the past - to the weakly-bound molecules. Using the LeRay&ein law, anolecular vibrational
quantum defeds defined and derived from the data. Its variation versubith@ing energy gives the
Lu-Fano graph which allows us to characterize the moleqogential and the interactions.

From the experimental data of tg Gtate, we obtain a Lu-Fano graph with a linear shape which is
the signature of the short range behavior of the moleculamial?. A model for the barrier allows
us to connect the slope to its location. The method has also &gplied to § levels of**Rb and
133C53.

The Lu-Fano graph of thefOmolecular levels exhibits sharp variations, signature af@pling with

a neighboring molecular series. The coupling is due to tie it and spin-spin interactions in the
molecule®. A two series model allows us to evaluate the coupling, tatifietwo perturbing levels
of the 55,,-5p;,2 0; series. A strong wave function mixing is deduced suggestimgfficient
scheme for cold molecule formation. We also predict the g@neosition and the width of its first
pre-dissociated level, which was confirmed by an experiaiaignal. The method has also been
successfully applied to data of €%

Laurence.pruvost@lac.u-psud.fr

2H. Jelassi, B. Viaris De Lesegno, L. Pruvost, Phys. Rev. A32501, 2006

3H. Jelassi, B. Viaris De Lesegno, L. Pruvost, AIP ConfereéRmceedings ; ISC 2007 935 p. 203, 2007
4H. Jelassi, B. Viaris De Lesegno, L. Pruvost, Phys. Rev. A12510, 2006

5H. Jelassi, B. Viaris De Lesegno, L. Pruvost, M. Pichler, WaBley, submitted to Phys. Rev. A
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Lifetime of exotic dimers of ultracold metastable helium

M. Ledud', M. Portiett, S. Moal, N. Zahzan?

'Laboratoire Kastler Brossel, Ecole Normale SupérieurblRS, Université Pierre et Marie Curie,
24 rue Lhomond 75231 Paris Cedex
20ffice National d’études et de recherche aérospatialé®nin de la Huniére, 91761 Palaiseau
Cedex

We shall present results of two-photon photoassociatige@ments dealing with a gas of helium
atoms in the2®.S; metastable state taken to a temperature range of 2 <1y evaporative cooling

in a magnetic trap (see Figure 1). Atom-molecule dark resomaignals, as well as Raman signals
provide information on the exotic molecules in the leastrigbstate { = 2, v = 14) of the inter-
action potential between two spin-polarized metastaldenat The intrinsic lifetime of this dimer
is derived from measuring the line width of the sighalafter eliminating the contribution of the
thermal broadening. We interprete the molecule lifetimeeims of ionization process. As the two
metastable atoms are spin polarized when they collide amd fiee molecule, Penning ionization is
inhibited by the electronic polarization, unless spin xatéon takes place, resulting from the weak
spin dipole coupling between the quintat;” and the singletS; states. We shall present a theoreti-
cal calculation of the molecular lifetinfeand compare it with a previous estimataVe shall discuss
the discrepancy between these theoretical values and perimental measurement. The possible
influence of atom-molecule inelastic collisions will alse discussed.
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Figure 1:Two-photon photoassociation of spin-polarized metastaelium.

1S. Moalet. al, Phys.Rev. A, 75, 033415 (2007)
2M. Portier,PhDthesis, available at http:/tel.archives-ouvertesf00258383

3T. Beamsetal., Phys.Rev. A, 74014702 (2006)
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Formation of deeply bound molecules via chainwise
adiabatic passage

Elena Kuznetsova?, P. Pellegrini, R. Coté, M. D. Lukin®3, S. F. Yelirt 2

!Department of Physics, Uiversity of Connecticut, Storf§,06269, USA
2ITAMP, Harvard-Smithsonian Center for Astrophysics, Cedyge, MA 02138, USA
3Department of Physics, Harvard University, Cambridge, MA®8, USA

Ultracold molecular gases open possibilities for studyeny exciting physical phenomena and their
applications, such as testing fundamental symmetriegjgioa spectroscopy, ultracold chemistry,
simulation of condensed matter systems and quantum comgpiense samples of ultracold molecules
in their ground rovibrational state= 0, J = 0 are required for many of these applications. Currently
translationally ultracold (100 nK - 1 mK) molecules are proed by magneto- and photoassociation
techniques. These molecules, however, are vibrationallyldeing formed in high vibrational states
near the dissociation limit of the electronic ground stateerefore, once created, molecules have to
be rapidly transfered to the ground rovibrational state.

We suggest and analyze a novel technique for efficient angstaieation of dense ultracold molecu-
lar ensembles in their ground rovibrational state. In oygrapch a molecule is brought to the ground
state through a series of intermediate vibrational stateamultistatechainwiseStimulatedRaman
Adiabatic Passage (c-STIRAP) technique. We study the influence ofntieennediate states decay
on the transfer process and suggest an approach that mésithie population of these states, result-
ing in a maximal transfer efficiency. We apply the techniquédsonic, fermionic and mixed alkali
dimers, taking into account major decay mechanisms duebt@tionally inelastic atom-molecule
and molecule-molecule collisions. As an example, we amallye formation of”Rb, starting from

an initial Feshbach molecular state. Numerical analysigssts a transfer efficiency 90%, even

in the presence of strong collisional relaxation as aregmteis a high density atomic gas.

|g1)=|Feshbach)
Q4 Q
4f £23 T,
g2
I,
|g3)=v=0)

Figure 1:Schematic showing the multistate chainwise STIRAP trafrsi@ the Feshbach state: )
to the groundgs) = |v = 0) state
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Cold Rydberg atom pair excitation in the presence of
AC/DC electric fields

V. A. Nascimento, J. S. Cabral, L. L. Carili', A. Schwettmann?, J. P. Shaffer, L. G. Marcassa

Hnstituto de Fisica de S&o Carlos, Universidade de Sadd?&3ao Carlos, SP, Brazil
2University of Oklahoma, Norman, USA

We present experimental results that show a significant yoéInP atoms after excitation ofS

Rb Rydberg atoms from a MOT using a pulsed dye laser, whg&re n < 37. The observech P
population is quadratically dependent on th atomic density. Such results are naturally attributed
to binary collisions. However, this cannot be the case hieeeause the interaction between Rb
n.S atoms is repulsive. In this experiment, the AC Stark effdiiple dipole interactions, and DC
Stark effect work together to create a nonvanishing finalufaion of nP(n — 1)P pairs. The
background electric field and multipole interactions carsadmixture ofi.S —n.S character into the
nP(n—1)P pairs. The AC Stark shift from the laser pulse shifts thermtdiate state into resonance
with thenP(n — 1) P final pair. We compare our results to calculations done byerigally solving

the density matrix equations for a two-photon excitatiortrenP(n — 1) P pair state at).55 <

R < 1.8 pu. This leads to an estimateéd2 P to 325 signal ratio of 3.9 %, which is in excellent
agreement with the experimental value6 %. The principal quantum number dependence of
nP/(nS)? population was also measured, and it was shown to be camisigith our model. During
the presentation, we will also discuss the DC electric fieljpeshdence. We believe that the control of
electric field effects with regard to Rydberg atom inter@usiis important in order to use these novel
and interesting systems for dipole blockade and quantunpuatation.
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Rovibrational Dynamics and Photoassociation of Cold
Heteronuclear Dimers in Electric Fields

M. Mayle', R. Gonzalez-Féréz P. Schmelchér?

!Theoretische Chemie, Physikalisch-Chemisches Indtiniversitat Heidelberg, D-69120
Heidelberg, Germany
ZInstituto "Carlos I de Fisica Tebrica y Computacional dibepartamento de Fisica Atomica
Molecular y Nuclear, Universidad de Granada, E-18071 GrdaaSpain
3Physikalisches Institut, Universitat Heidelberg, D-@81Heidelberg, Germany

A comparative study of the effect of a static homogeneoustréidield on the rovibrational spectra
of several polar dimers in their Y electronic ground state is performed. Focusing upon tre rot
tional ground state within each vibrational band, resutsehergies and various expectation values
are presented. For moderate field strengths the electideifidliced energy shifts, orientation, align-
ment, and angular motion hybridization are analyzed up gb kibrational excitations close to the
dissociation thresholt

Furthermore, the formation of ultracold molecules via siimed emission followed by a radiative
deexcitation cascade in the presence of a static electidcig§ienvestigated. By analyzing the corre-
sponding cross sections, the possibility to populate thesb rotational excitations via photoassoci-
ation is demonstratetl The modification of the radiative cascade due to the etefigid leads to
narrow rotational state distributions in the vibrationedgnd staté.

1R. Gonzalez-Férez, M. Mayle, P. Sanchez-Moreno andiimsicher, to be published

R. Gonzalez-Férez, M. Weidemiiller and P. Schmelchérpt®association of Cold Heteronuclear Dimers in
Static Electric Fields”, Phys. Rev. 26, 023402 (2007)

SR. Gonzéalez-Férez, M. Mayle and P. Schmelcher, “FormatioUltracold Heteronuclear Dimers in Electric
Fields”, Europhys. Lett78, 53001 (2007)
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Stark deceleration of cold lithium hydride molecules

S. K. Tokunaga, J. O. Stack, I. S. Bhatti, J. J. Hudson, B. EeG&. A. Hinds, M. R. Tarbutt

Centre for Cold Matter, Blackett Laboratory, Imperial Gagle London, London SW7 2BW, United
Kingdom

We present recent results on the Stark deceleratbnold lithium hydride molecules to low veloc-
ity. We produce pulsed beams of LiH, with a translationalgerature of 1K, by laser ablation of
lithium into a supersonically expanding carrier gas conitaj hydrogefA. Most of the molecules are
formed in the strong-field seeking rotational ground stdt&tvis unsuitable for slowing in the Stark
decelerator. We therefore prepare the molecules in the-fielakseeking component of the first rota-
tionally excited state by driving the rotational transitiwith narrowband radiation at 444 GHz. The
molecules then enter a 100-stage Stark decelerator whéahed electric field gradients are used to
slow them down. Finally, the molecules are detected by laskrced fluorescence at 367 nm. In the
electric field of the decelerator, the Stark shift of LiH is fiom linear, unlike many of the molecules
that have been decelerated previously. Using this apmarate have reduced the velocity of the
molecules from an initial 420m/s down to a trappable 53nds;esponding to a 98.5% reduction in
kinetic energy.

The work we present is one component of a project to producacold molecules by sympathetic
cooling with ultracold atoms. We plan to trap cold LiH togetiwith ultracold Li. Elastic atom-
molecule collisions will cool the molecules, while inelastollisions will tend to lead to trap loss. It
is likely that the ratio of elastic to inelastic processeb be highly unfavourable unless the inelastic
processes are energetically forbid&ténThus, both atoms and molecules should be trapped in thein
lowest-lying states. We consider some possible trappioggtries.

1H. L. Bethlem, G. Berden and G. Meijer, Phys. Rev. L88, 1558 (1999)

23, K. Tokunaga, J. O. Stack, J. J. Hudson, B. E. Sauer, E. AldHind M. R. Tarbutt, J. Chem. Phyk26,
124314 (2007)

SM. Lara, J. L. Bohn, D. Potter, P. Soldan and J. M. Hutson sPRev. Lett.97, 183201 (2006)

4P. S. Zuchowski and J. M. Hutson, arXiv:0805.1705v1 (2008)
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Dynamics of polar molecules in alternating gradient guides
and decelerators

T. E. Wall, S. Armitage, J. F. Kanem, J. J. Hudson B. E. SaueA, Hinds, M. R. Tarbutt

Centre for Cold Matter, Blackett Laboratory, Imperial Gage London, London SW7 2BW, United
Kingdom

Neutral particles can be guided using electric field gradiémat focus in one transverse direction and
defocus in the other, alternating between the two direstidduch a guide is suitable for focussing
and decelerating polar molecules that are attracted tagtectric fields, which unlike their weak-
field seeking counterparts cannot be confined using staliisfieNonlinear forces are always present
in these guides and can severely reduce the phase spacéaaceepJsing approximate analytical
techniques, along with numerical methods, we calculatefhesnce of the most important nonlinear
forces, and show how to choose the guide parameters so ¢hatteptance is maximized

We have built a 1 m long alternating gradient guide with a{fimd geometry, and a 21-stage alternat-
ing gradient Stark decelerator with a two-rod geometry.sehee have used to guide and decelerate
YbF and CaF molecules. We present our experimental resulggimling and deceleration, and ex-
plain the results using some simple models as well as détailmerical simulations.

1H.L. Bethlem, M.R. Tarbutt, J. Kiipper, D. Carty, K. WohlfaE.A. Hinds and G. Meijer, J. Phys. B9,
R263 (2006)
2M. R. Tarbutt and E.A. Hinds, arXiv:0804.2077v1
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A Near Quantum Degenerate Gas of Tripletv = 0 Polar
Molecules

K.-K.Ni'’, S. Ospelkaus M. Mirandd , A. Pe’ett, B. Neyenhuis, J. J. Zirbel, D. Wand,
S. Kotochigova, P. S. Julienng J. Yé', D. S. Jirt

LJILA, NIST and University of Colorado, Boulder, CO 80309 AUS
2Department of Physics, Temple University, Philadelphi® 18122, USA
3JQI, NIST and University of Maryland, Gaithersburg, MD 2089SA

We report on the creation of an ultracold dense gas of poléecutes from an ultracold mixture of Rb
and K. Using a single step of STIRAP (STImulate Raman Adializassage), we demonstrated effi-
cient state transfer from weakly-bound Feshbach moledalése triplet rovibrational ground state.
The triplet ground molecular gas has a density@f ¢~ with quantum degenerady)/Tr = 3.
The ground-state molecules exhibit an permanent eledp@amoment. We will report our recent
measurement of the permanent electric dipole moment. Wealsid present our progress toward
state transfer to the singlet rovibrational ground state.
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A Simple Model for Feshbach Molecule Bound States

P. S. Juliennk E. Tiesingd, C. Chir?

Joint Quantum Institute, National Institute of Standardsl Zechnology and University of
Maryland, 100 Bureau Drive, Gaithersburg, Maryland 2089423, USA
2Department of Physics and James Franck Institute, UnitiecfiChicago, Chicago, lllinois 60637,
USA

A Feshbach resonance and its associated bound state plageartial role in many experiments with
ultracold atomic gases and lattices. We present simple imddesuch a bound state that applies
beyond the limit of universality. The scale lengthassociated with the long-range van der Waals
potential provides key length and energy scales for classifying r@sos propertiés A model of
interacting closed and open channels, represented byesguadls of widtha, gives a simple coupled
equation similar to that of multichannel quantum defecotlidor finding the energy of the near
threshold bound state. The closed channel fracfoim the eigenstate is readily found from the
solution. The “box” model gives good agreement with full plmd channels calculations of the
binding energy and for a wide range of resonances spanning many orders of nualgniih width
and can be extended to overlapping resonances.
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Figure 1:Energy (b) and closed channel fractigh(a) of selected Feshbach resonances, labeled by
species and resonance positif. Lines are from a “box” model, and points are from full cougle
channels calculations. Detuning of magnetic fi@ldrom By is given in units of the resonance width
A and binding energye, in units oféuA, whered i, is the magnetic moment difference between the
separated atoms and the “bare” closed channel moleculamabstate.

1G. F. Gribakin and V. V.Flambaum, Phys, Rev. A 48, 546 (1993)
2T.Kéhler, K. Goral, and P. S. Jullienne, Rev. Mod. Phys. 78,1 (2006)
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Giant formation rates of ultracold molecules via Feshbach
Optimized Photoassociation

P. Pellegrini, M. Gacesa, R. Coté

Department of Physics, University of Connecticut, Stdb§,06269, USA

Ultracold molecules have attracted a lot of attention du¢hwr broad potential applications in
metrology, high precision spectroscopy or quantum computiThe ability to form and control ul-

tracold molecules has drastically improved over the lasade but producing stable molecules in
their lowest vibrational levels still remains challengiilye present a theoretical investigation of the
photoassociation of atoms in the vicinity of a Feshbachmasoe for the production of ultracold

stable molecules. Full molecular quantum coupled-chacalellations showed that large molecular
formation rates can be obtained, with enhancement of develers of magnitude over off-resonance

cases. We illustrate this effect with both homonuclear atdronuclear dimers. We will also present
a simple analytical model for the photoassociation rates.
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Figure 1: Photoassociaitonn rates to the excited vibrational lewetsf the1*Yf (2s + 2p) of "Liz
as function of the magnetic field B showing the enhancementasoss the Feshbach resonance at
735G.
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Observation of a Shape Resonance in Cold Ground State
Rb, Molecule Formation

C. R. Menegatti, B. S. Marangoni, L. G. Marcassa

Instituto de Fisica de Sao Carlos, University of Sdo Badao Carlos, Brazil

About a decade ago, cold ground state, Riolecules were detected for the first time in magneto-
optical traps. The formation of such molecules is due to photoassocigtimtess by the trap-
ping laser beam, which is by itself very surprising. In thetlgears, several experiments were
devoted to trap such cold molecules, promoting a great deabssibilities in the investigation of
cold molecule collisions. However, the molecule formatitue to photoassociation by the trapping
laser still presents several open questions. In this woekinwestigate the molecule formation rate
as a function of the atomic sample temperature. Briefly,ettage three phases in the experiment:
i) trapping; ii) molasses; and iii) probe phase. First, gsinstandard MOT th&°Rb atoms are
trapped. Then for 4 ms, a molasses phase is applied, andotis ate cooled. The final temperature
of the atomic sample is determined by time of flight techniglrethe probe phase, the atoms are
illuminated by the trapping laser beam to form the cold malec And in the sequence, a pulsed
dye laser (1 mJ/pulse, 4 ni,= 603 nm) photoionizes the cold molecules. The ions are ceite
by a channeltron and analyzed by a boxcar integrator gateini&yof flight the atomic ions can be
discriminated from the molecular ions. The number of trapgems is determined by fluorescence.
All these parameters allow us to measure the cold ground &bt molecule formation rate as a
function of the atomic temperature (fig.1). We observed & peaund 130K, which is consistent
with the existence of a partial wave resonancé/e have also measured the molecular temperature
as a function of the atomic sample temperature. Our resufisate that more theoretical work is
necessary in order to understand the photoassociatioegsatie to the trapping laser beam. This
work has received financial support from Fapesp and CNPqzilgmna Agencies.
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Figure 1:Cold ground state Rbmolecule formation rate as a function of the atomic tempeeat

1A. Fioretti et al., Phys. Rev. Lett. 80, 4402 (1998); C. Gabiaet al, Phys. Rev. Lett. 84, 2814 (2000).
2H. Boesten et al., Phys. Rev. Lett. 77, 5194 (1996).
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Low-Temperature Collisions Utilizing Trapped OH

B. C. Sawyer, B. K. Stuhl, D. Wang, M. Yeo, J. Ye

JILA, National Institute of Standards and Technology andversity of Colorado Department of
Physics, University of Colorado, Boulder, CO 80309-0448AU

Advances in cold molecules promise to profoundly impactaesh on precision measurement, quan-
tum information, and controlled chemistry. We employ a ISticelerator to slow a supersonic beam
of ground-state OH molecules from 500 m/s to 36 m/s. We sulesgly trap a 70 mK sample of
the decelerated molecules at a density@f cm~2 within a magnetoelectrostatic trap (MET) whose
center lies 1 cm from the decelerator exit. We have improyshwur previous MET desidrby re-
placing the high-current coils with permanent ring magaetsreducing the trap dimensions to better
match the molecular packet. A large electric field is appl@the nickel coatings of the permanent
magnets to stop the OH packet within the magnetic quadrup@éereport progress toward observa-
tion of collisions between trapped OH and a tunable atoméerbef He with an energy resolution of
9 cm!. The velocity of the colliding He beam is adjusted by varyihg nozzle temperature of the
pulsed valve, thereby tuning the OH-He center-of-masssiofi energy from~ 60—-250 cm . In-
elastic cross sections for transitions to excited spiritaurd rotational levels can be probed over this
energy range. In addition to being completely open in thataiimension, our trap design allows for
the application of a polarizing electric field to the trapadnple to facilitate future polar-molecule
collision studies.
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Figure 1: Time-of-flight data displaying OH molecules as they are gtopand trapped within the
MET. The solid line is the result of Monte Carlo simulatiorheTarge initial peak at 40Q:s is the
stopped OH packet, while the trapped molecules undergdlatsmns beyond~1 ms. The inset is an
illustration of the MET and decelerator along with the pulselve and skimmer used for collision
studies.

1B. C. Sawyetet al, Phys. Rev. Lett98, 253002 (2007).
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Nearly degenerate levels in Cswith amplified sensitivity
to variation of p=m./m,,

D. DeMille!, S. K. Saini$, J. Sagé, T. Bergeman, S. Kotochigova, E. Tiesing4

'Department of Physics, Yale University, New Haven, Coimed@6520, USA
2Department of Physics and Astronomy, SUNY, Stony Brook Mdgwnl11794, USA
3 Physics Department, Temple University, Philadelphia,rRgtvania 19122, USA
4Joint Quantum Institute and Atomic Physics Division, Nagidnstitute of Standards and
Technology, Gaithersburg, Maryland 20899, USA

Astrophysical searches currently yield stringent bounidseslevel 10~ % /year on the time variation
of 1. From the perspective of laboratory searches for timeatian of 1, the differing sensitivity
of molecular vibrational levels to variations jn offers an interesting possibility. For a diatomic
molecule in a strongly-bound vibrational statethe sensitivity of the vibrational energy, to a
fractional change i is given byd, E,, = F, /2. Thus a high-lying vibrational state can have much
greater sensitivity to changes jinthan a low-lying vibrational level. A transition between aimpof
nearly-degenerate vibronic levels one from a deep electetate, the other from a shallow electronic
state— possesses both a high relative and a high absolugi#i\dgnto the time-variation of.. The
ground state manifold of Gsonsisting of the overlapping deép' 2; and shallow:®>3; electronic
potentials is an attractive candidate for implementindisuscheme.

We present spectroscopic evidence verifying the preserecaear degeneracy in the ground vibronic
levels of Cs. Starting with spin-polarized ultracold’(= 100pK) Cs atoms [’ = 4, mp = 4),
we use a two-color photoassociation process via thE (2kcited state to observe the rich hyperfine
and rotational sub-structure in deeply-bound vibratidexatls of theu®YF ground state of Gs The
observed line strengths and positions agree with predistfor the long-range part of the’>;
state. We report the presence of an unexpected line inthe 37 vibration level. We attribute this
line to hyperfine and second-order spin-orbit mixing of hedegenerate singlet and triplet levels in
the ground-state manifold. The fits to our data can accyrgi@ldict the position of other nearby,
unobserveXmzg+ state sublevels ideal for use in the proposed experiment.

Based our spectroscopic data, we calculate the amplifietiveland absolute sensitivity of a tran-
sition between such pairs of nearly degenerate vibratiewals of theX' >} anda®%; electronic
potentials. Recent advances in the production of ultra€sidmolecules should make it possible to
carry out narrow linewidth spectroscopy of such nearly degate levelg. We propose experiments
that would make it possible to detect to changeg at the level 10~'7/year or bettef.

1E. Reinhold et al., Phys. Rev. Lett. 96, 151101 (2006); Vlsinthaum and M. G. Kozlov, Phys. Rev. Lett.
98, 240801 (2007); P. Tzanavaris et al., Mon. Not. R. AstBoc. 374, 634 (2007); N. Kanekar et al., Phys. Rev.
Lett. 95, 261301 (2005); E. R. Hudson et al., Phys. Rev. 191143004 (2006).

2C. Chin et al., Phys. Rev. Lett. 90, 033201 (2003); M. Marklgttaurophys. Lett. 69, 706 (2005).

SDeMille et al. Phys. Rev. Lett. 100, 043202 (2008).
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Many-body effects in the production of Feshbach
molecules

T. M. Hanna, T. Kdhler

! Atomic Physics Division, National Institute of Standarasl @echnology, 100 Bureau Drive Stop
8423, Gaithersburg MD 20899-8423, USA.
2Department of Physics and Astronomy, University Collegedon, Gower Street, London WC1E
6BT, UK.

We have derived and implemented a non-Markovian Boltznidgenequation for the dynamics of

an ultracold thermal Bose gas. Our approach includes tianging two-body interactions and ac-
counts for rethermalisation effects in the atomic gas. ThézBhann equation is recovered in the
limit of long times and stationary interactions. We caltelthe dynamics of the one-body density
matrix, which can then be used to calculate quantities sa¢heaproduction efficiency of Feshbach
molecules. For the case of low molecule production effigiemith a correspondingly small deple-

tion of the atomic gas, our approach recovers the limit inclvlihe efficiency is given by a weighted

average over the two-body transition probability dendBly.considering higher depletions we see the
onset of many-body effects, which reduce the predictedeffay from the small-depletion limit. The

nonlinearity of our equations leads to a saturation of tieeljsted molecule production efficiency, and
allows us to examine a range of dynamical effects in ultihgalses.

418
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Magnetic Trapping and Zeeman Relaxation of NH
Molecules

E. Tsikata, W. C. Campbell, H.-I Lu, Laurens van Buuren, JDdyle

Department of Physics, Harvard University, Cambridge, MA88, USA

NH molecular radicals are magnetically trapped in the pres®f a helium buffer gas and their Zee-
man relaxation and energy transport collisional crossiges with helium are measured. Molecules
are loaded from a molecular beam into a cold buffer gas cell4i anti-Helmholtz magnetic trap.
The NH-He energy transport cross-section is measured to7de @8x 10~ 4cn? at 710 mK. The
inelastic (Zeeman state changing) cross-section is alssumed to be 3.& 1.1x 10 °cm? at 710
mK, indicating ay (elastic to inelastic cross-section ratio) of 70, in agreement with the theory
of Krems et al (PRA 68 051401(R) (2003)). Cross-section mremsents are obtained for the inter-
action of the molecular isotopé&NH, '*ND, '>NH and'>ND with the helium isotopes He-3 and
He-4.
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Ultracold Molecules for Precision Measurements

T. Zelevinsky+2, S. Kotochigova, J. Y&

'Department of Physics, Columbia University, New York, N02766235, USA
2JILA, NIST and University of Colorado, Boulder, CO 80302H0AUSA
3Department of Physics, Temple University, Philadelph#®]19122-6082, USA

Optical lattice clocks based on ultracold neutral two-gt@t atoms were recently successful in
achieving systematic uncertainttesearl x 10~'° and absolute uncertaintfebelow 107'°, and

in placing new limits on the gravitational coupling of fumdental constants This has demonstrated
the place of two-electron alkaline earth atoms in the wofldrecision measurements. We have in-
vestigated the possibility of producing ultracold homdeac molecules based on two-electron atoms
such a$®Sr, and using them in precision measurements. Such a matesysitern would benefit from
the ultracold temperatures and optical-lattice tightprag techniques, while offering opportunities
for precision measurements complementary to those al@aieth atomic systems or astronomical
observations. Particularly, homonuclear molecules miteseénodel-independent system for tests of
time variations of the proton-electron mass ratio. Creediod manipulation of dimers based on ultra-
cold bosonic two-electron atoms is attractive due to therieht simplicity of their zero-spin ground
state molecular potentidts. The lack of hyperfine or magnetic structure removes manycsswf
loss, and combined with the existence of laser-accessibtastable molecular potentials allows op-
tical transitions with branching losses of only50%, on par with many atomic transitions. Further,
the systematic sensitivity to stray magnetic fields is dyesduced. We have determined that the
molecules can be transferred from the weakly bound vilmatistates to the absolute ground vibra-
tional state in only two optical Raman steps, with low losselereover, we showed that it should
be possible to apply the Stark-cancellation optical laticheme to vibrational molecular transitions,
enhancing the possibilities for precise and accurate sgstipic measurements.

IA. D. Ludlow, T. Zelevinsky, G. K. Campbell, S. Blatt, M. M. Bd, M. H. G. de Miranda, M. J. Martin,
J. W. Thomsen, S. M. Foreman, Jun Ye, T. M. Fortier, J. E. 8ka&in S. A. Diddams, Y. Le Coq, Z. W. Barber,
N. Poli, N. D. Lemke, K. M. Beck and C. W. Oates, "Sr Lattice €kaat1 x 10~ 16 Fractional Uncertainty by
Remote Optical Evaluation with a Ca Clock8cience319, 1805 (2008).

2G. K. Campbelet al,, to be published.

3S. Blatt, A. D. Ludlow, G. K. Campbell, J. W. Thomsen, T. Zétesky, M. M. Boyd, J. Ye, X. Baillard, M.
Fouché, R. Le Targat, A. Brusch, P. Lemonde, M. Takamotb, FHong, H. Katori and V. V. Flambaum, "New
Limits on Coupling of Fundamental Constants to Gravity \gstiSr Optical Lattice Clocks”Phys. Rev. Lett.
100, 140801 (2008).

4T. Zelevinsky, M. M. Boyd, A. D. Ludlow, T. Ido, R. Ciurylo, Raidon and P. S. Julienne, "Narrow Line
Photoassociation in an Optical Latticé?hys. Rev. Let96, 203201 (2006).

5T. Zelevinsky, S. Kotochigova and Jun Ye, "Precision TesMaiss-Ratio Variations with Lattice-Confined
Ultracold Molecules” Phys. Rev. Lettl00, 043201 (2008).
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Laser-Induced Fluorescence of Metastable HeMolecules
in Superfluid Helium

W. G. Rellergert, S. B. Cahn, A. Curioni, J. A. Nikkel, J. I. Mek, J. D. Wright, D. N. McKinsey

Department of Physics, Yale University, New Haven, CT 068933

lonizing radiation events in superfluid helium result in tepious production of meta-stable He
molecules which have a 13 s radiative lifetime in the liqlitlVe present results on detecting and
imaging the molecules by driving them through many fluoreseeemitting transitions during their
lifetime.

Figure 1 shows the lowest-lying electronic states and tvievamt vibrational levels of the triplet
molecules, as well as one cycling transition used to deberht A single laser pulse at 905 nm can
excite a molecule in the®*Y; state to thed®S ;] state, where it will most often decay to thélT,
state emitting a detectable red photon at 640 nm. &g, state is then rapidly quenched back to
the a®% state, and the cycle can be repeated.

We have confirmed that complications due to decays to theliwed, excited vibrational levels
of the %] state, which would drastically reduce the number of timesotéeoule can be cycled,
can be mitigated with the use of repumping lasers. For iestaa molecule which decays to the
a®¥ (v = 1) state, can be driven t&’S] (v = 0) state with a laser at 1073 nm where it will most
often decay back to the®s; (v = 0) state. Similarly, a laser at 1099 nm can be used to regain
molecules which decay to the' ¥} (v = 2) state.

This technique gives rise to a new method for detecting aiion events in superfluid helium with
applications in the detection of gamma rays, ultracold moest and WIMP dark matter. It also
promises to be a powerful tool for visualizing turbulenceuperfluid helium.

d’s",

Figure 1. Energy level
diagram of the lowest
lying triplet states of
the He molecule. The
arrows indicate a cy-
cling transition used
to detect and image
the molecules, as well
as transitions used
b3 to repump molecules
that decay to excited
vibrational levels.

Energy
9}
o

1073 nm
1099 nm

1D. N. McKinseyet al, Phys. Rev. A59, 200 (1999).
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Barium lon Trap Cavity QED

A. V. Steele, L. R. Churchill, M. Chapman

Physics Dept. Georgia Tech, Atlanta, GA, USA

We propose to use barium ions for studies of cavity quantwenteldynamics and quantum infor-
mation. Barium has several properties which make it ideallits purpose. Its states allow for
the possibility of implementing either an optical qubit giplerfine qubit. Additionally, unlike other
ions, barium has its primary lines in the visible rather tiathe UV. Cavity mirror technology is
sufficiently advanced at these wavelengths to allow for tleatéon of high-finesse optical cavities.
Cavities of this type are essential for creating the kindast,fcoherent interaction between inter-
nal ion states and cavity photons which will be pursued. Tleeassful integration of ion trap and
cavity QED technologies has exciting possibilities for #svancement of quantum information and
guantum computation science. The experiment under catistnuwill accomplish this integration
by combining a miniaturized linear ion trap with a high-fise®ptical cavity.
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The effect of ion beam distribution temperature on lateral
spread of implanted ions on a solid target

A. M. Ghalambor Dezfuli, R. B. Mooré, E. Ahmad?

!Physics Department, Shahid Chamran University, Ahwaz Ira
2Physics Department, McGill University, Montreal-Canada
3Physics Department, Iran University of science and teabagl Tehran-Iran

Over the years the dimensions of electronics componentstiean reduced systematically by a factor
of two every six years, as formulated in Moors law. Howeventsued miniaturizations, such as
development of nano devices, have been hampered by sewtstdruding experimental difficulties
associated with, in particular lateral spread of implanteterials. This is due principally to the
statistical nature of ion-target collisions as well as ratdistribution of ion implanted beam. For
XLSI circuits lateral straggling is becoming more and manportant. In this paper, we present the
relationship between the initial temperature of extracted from a RF trap and the lateral spread of
implanted ions on the solid surface. lons extracted atrdiffetemperature from the trap are modeled
based on action diagram method. These ions, after passioggth an accelerator system, then
interact with a thin layer of silicon. The results show thefpund effect of ion temperature on the
lateral spread of implanted ions on the surface. Also it shihwe lateral spread could be controlled
via temperature control of ion implanted distribution.

ICAP 2008, Storrs, CT, USA, July 27 — August 1, 2008 423




“thebook” — 2008/7/11 — 16:33 — page 424 — #446

Poster Session Ill: Thursday, July 31 TH99 Trapped lons
Temperature control of ion beam surface interaction using
rf ion trap

A. M. Ghalambor Dezfuli, R. B. Mooré, E. Ahmad?

!Physics Department, Shahid Chamran University, Ahwaz Ira
2Physics Department, McGill University, Montreal-Canada
3Physics Department, Iran University of science and teabagl Tehran-Iran

As we have showed in our first paper, controlling over tenfpees of ion implanting beams has a
profound effect on ion implanted distributed materialsom-surface interaction and thereby changing
the futures of nano electronics. In this paper we presentalsgstem in ion implantation for design
and fabrications of nano materials. In this system ion befnam an ion implantation set-up will
be trapped in an ion RF trap, cooled with buffer gas and thancederated to desire energies. In
such systems, because of the control over temperature sf ManolonBeams with very narrow
distributions can be obtained. Such systems will be modeéfighis paper. lon beams, with energy
and emittances comparable from an lon implantation systereldrated and trapped in an lon RF
trap and cooled with buffer gas, are simulated at differemigeratures. The results of the simulation
will be compared with experimental data. A good agreemetwden the experimental data and
simulations will suggest the future set-up for ion-surfateraction systems.
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Segmented lon Traps for Quantum Computing

D. T. C. Allcock, M. J. Curtis, G. Imreh, A. H Myerson, D. J. SewyS. C. Webster, J. A. Sherman,
D. N. Stacey, D. M. Lucas, A. M. Steane

Centre for Quantum Computation, Clarendon Laboratory,dikiUniversity, UK

i | ol o ‘ j

Figure 1:The two traps with two Caions loaded in each (insets).

We report the successful loading $fCa" ions in two segmented radio frequency traps. lon traps
have been used to demonstrate coherent manipulation ofithreum states of a small number of ion
qubits. Segmented electrodes incorporated into the steiof these traps are designed to allow for
the creation of multiple trapping regions and ion transptwhg the axis of the trap. The development
of these techniques should open the possibility of greaghaeding the number of ion qubits under
simultaneous coherent control.

The first trap is a micro-scale, planar, chip-top trap fadigd by Sandia National Laboratories. Scal-
ing down the trap size presents new challenges including&sed heating rates and reduced trap
depth. Trap loading is via two step photo-ionization in ttapping region in the presence of a cal-
cium atomic beam from an oven source. We have achieved igtimtiés of~90 minutes in this trap
and observed heating rateso70 Ks™*.

The second trap is also segmented but built on a sub-millérseale by the University of Liverpool.
This is intended to be an intermediate step in adapting tquka of ion transport to micro-scale traps
without the attendant high heating rates and low trap depeswill report on trapping and initial
experiments in this trap.

Finally we present details of a further three traps undepamagion at Oxford, two of which are
of a planar design.
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Scalable, efficient ion-photon coupling with phase Fresnel
lenses for large-scale quantum computing

D. Kielpinski, B. G. Norton, J. J. Chapman, E. W. Streed

Centre for Quantum Dynamics, Griffith University, Natham,04111, Australia

Efficient ion-photon coupling is an important componentiémge-scale ion-trap quantum computing.
We propose that arrays of phase Fresnel lenses (PFLs) areralfte optical coupling technology to
match with multi-zone ion traps. Both are scalable techgielbased on conventional microfabrica-
tion techniques. The large numerical apertures (NAs) ptessiith PFLs can reduce the readout time
for ion qubits. PFLs also provide good coherent ion-photoupiing by matching a large fraction
of an ion’s emission pattern to a single optical propagatimde (TEMy). To this end we have
optically characterized a large-numerical-aperture plrassnel lens (NA=0.64) designed for use at
369.5 nm, the principal fluorescence detection transitwnYb™ ions. A diffraction-limited spot
wo = 350 & 15 nm (1/e? waist) with mode quality)/? = 1.08 4 0.05 was measured with this PFL.
From this we estimate the minimum expected free space aathierephoton coupling to be 0.64%,
which is twice the best previous experimental measurengngwa conventional multi-element lens.
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Fluorescence Imaging of Ultracold Neutral Plasmas

H. Gao, J. Castro, T. C. Killian

Rice University, Department of Physics and Astronomy, koyd X 77005, USA

Spatially-resolved fluorescence imaging of Ultracold MaluPlasmas (UNP) produces a spectrum
that is Doppler-broadened due to the thermal ion velocitystifted due to the ion expansion veloc-
ity. Furthermore, sheet excitation of the plasma allowddoalized analysis of the system without
density variation. Using this technique, adiabatic caplielectron-ion collisions, kinetic energy

oscillations and velocity-changing collisions are stddier Ultracold Neutral Plasmas.
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Trapped Rydberg lons: From Spin Chains to Fast
Quantum Gates

I. Lesanovsky, M. Miiller!, L.-M. Liang?, P. Zoller

nstitute for Theoretical Physics, University of Innsbkuand Institute for Quantum Optics and
Quantum Information of the Austrian Academy of Sciencesbinick, Austria
2Department of Physics, National University of Defense fietdgy, Changsha 410073, China

We study the dynamics of Rydberg ions trapped in a linear Bap| and discuss the properties
of ionic Rydberg states in the presence of the static and-tiependent electric fields constituting

the trap. The interactions in a system of many ions are iigagsd and coupled equations of the
internal electronic states and the external oscillator ésoof a linear ion chain are derived. We
show that strong dipole-dipole interactions among the s be achieved by microwave dressing
fields. Using low-angular momentum states with large quarndefect the internal dynamics can be
mapped onto an effective spin model of a pair of dressed Rydiiates that describes the dynamics
of Rydberg excitations in the ion crystal. We demonstratd #xcitation transfer through the ion

chain can be achieved on a nanosecond timescale and dibetisgolementation of a fast two-qubit
gate in the ion chain.

Figure 1: Typical length scales in a chain of cold Rydberg ions in admBaul trap. The external
trapping frequency is in the order of MHz with a correspordimscillator lengthzy,, of approxi-
mately 10 nm. The interparticle spaciggset by the equilibrium between the Coulomb forces among
the ions and the external confinement, is typically abouirb The third length scale is the size of the
Rydberg orbitary. Due to the scaling proportional to the square of the primtiguantum number
n it can assume values in the order of 100 nm and therefore bestgnificantly larger thamy,.. In
this regime the Rydberg ion cannot be considered as a poititfgbut rather as a composite object,
and its internal structure must be taken into account.

[1] M. Mueller, L.-M. Liang, . Lesanovsky, P. Zollefirapped Rydberg lons: From Spin Chains to
Fast Quantum GatesrXiv:0709.2849
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Progress towards distribution of entanglement in an ion
trap array

J. D. Jost, J. P. Homé&, J. M. Amini!, C. Langef, R. Ozer?, D. Hanneké, J. J. Bollinget,
R. B. Blakestad,, J. W. Brittor, D. Leibfried', S. Seidelifi, N. WalratH, D. J. Wineland

!National Institute of Standards and Technology, Bould€r, O.S.A.
2Lockheed Martin, Huntsville, AL, U.S.A.
3Weizmann Institute of Science, Rehovot, 76100, Israel.
“University of Grenoble, France.

Trapped atomic ions have now demonstrated the basic reggmts for quantum information pro-
cessing on small numbers of qubits, and the major remairtiagjenges are to improve operation
fidelity and scale up these techniques to larger numbersnsf idhis will require the ability to en-
tangle, distribute, and perform subsequent entanglingatipes on multiple atomic ions in a large
number of trapping sites. One possible scalable architedsuto move the ions themselves around
an array of microtrap$ 2. This requires complex multi-zone traps, a high level oftomrof the
electric fields used to move the ions, and the ability to askltke different zones in a phase coherent
way. In practice, ambient fluctuations in the electric figltha ion and imperfect control of electrode
potentials mean that the ion’s motion is excited, which ddgs the performance of two-qubit logic
gates. In order to counteract these effects, coolant iomsdifferent species from the qubit can be
simultaneously trapped, allowing re-initialization otlground motional state of the ions prior to
performing logic gates, without disturbing the quantunoinfation.

We report on progress towards distribution of entangledhatoons in a multi-zone trap array and
the use of two species ion crystafélfig™ and®Be™) to prepare a well defined motional state after
distribution.

1D. Kielpinski, C. Monroe and D. J. Wineland, Nature 417, 72002)
2D. J. Wineland et. al., J. Res. Natl. Inst. Stan., 103, 25398}
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Individual addressing of trapped ions and coupling of
motional and spin states using rf radiation

M. Johanning, A. Braur!, N. Timoney, V. Elmant, W. Neuhausér, Chr. Wunderlich

!Lehrstuhl Quantenoptik, Fachbereich Physik, Univetsiiiegen, Siegen, Germany
2Institut fur Laser-Physik, Universitat Hamburg, HambuGermany

We demonstrate for the first time two essential experimestégds towards realizing a novel concept
for implementing quantum computing and quantum simulatisith trapped ior's The experiments
were performed using the metastablg, Pstate of laser cooled?Yb*-ions in a spatially varying
magnetic field. When using-transitions to repump ions from this metastable state laickthe
cycling cooling transition, the steady state cooling flsoence rate is found to be proportional to
the population in the “innerin = £ 1/2 states and stops because optical pumping populates thg
“outer” m = + 3/2 states. Population can be transfered coherently betweenamd outer states by
magnetic dipole transitions using rf radiation and sindgteres can be addressed when the magnetic
field and therefore the Zeeman splitting varies along thekain. Furthermore, the transition affects
the ion’s motional state: For the interaction in an inhommgris magnetic field, the Zeeman energy
and thus the ion’s equilibrium position may become stateeddpnt and the coupling of internal and
motional state is described by te#ectiveLamb-Dicke parameteyj.s and sidebands accompany the
resonance

MmO
]
]

[T

1 < T

Figure 1:a) Individually addressing single ions that are part of adar Coulomb crystal composed
of four ions. The uppermost and lowermost image are recowldétibut optical pumping (labeled
'NoOP’) and all ions scatter light. For the intermediate pices, the magnetic field direction is
rotated allowing optical pumping, and the rf frequency was t® the expected resonance of one
particular ion. Thus, all ions except one remain dark. b) @amison of two symmetrized spectra
recorded with a single ion in a constant magnetic field (feftid side) and exposed to a magnetic
field gradient (right-hand side). The dashed lines repré$ésn using a single Lorentzian (lhs and
rhs), the solid line represents a fit using two Lorentziaesirhs). The motional sideband accompa-
nying the spin resonance signifies coupling between thedggjree of freedom and the motion of the
ion.

1F. Mintert and C. Wunderlich, Phys. Rev. Lett. 87, 25790D@0C. Wunderlich, Laser Physics at the Limit
(Springer, 2002), p. 261
2D. J. Wineland and W. M. Itano, Phys. Rev. A 20, 1521 (1979)
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Observation of the Quadrupole Transition in a single cold

B. Gud“?*3, H. Guart'?, Q. Liu»%2, X. R. Huang’?, K. L. Gad"?*

!State Key Laboratory of Magnetic Resonance and Atomic arlddvtar Physics,
Wuhan Institute of Physics and Mathematics,Chinese AcadéSciences,
Wuhan 430071,China
2Center for Cold Atom Physics, Chinese Academy of Scienagg®n¥30071, China
3Graduate School of the Chinese Academy of Sciences, B&d@S0, China
*E-mail: klgao@wipm.ac.cn

Trapped and cold’Ca’ ion is one of promising candidate of future optical frequesi@ndards. We
had measured the quadrupole transition oleﬁg/g—QDs/g of a single trapped and cofdCa" ion.
Our experiments were performed with a sin§l€a’ ion confined in a miniature Paul trap with a ring
(ro = 0.8 mm), two endcaps (2z 2 mm) electrodés The pair of auxiliary rod electrodes was placed
for compensating the stray electric field. For laser cogld®y nm and 866 nm lasers were carried out
with commercial single-mode diode lasers (Toptica), whartking to Fabry-Perot interferometers
and Optogalvanic (OG) signals respectivelfThe laser at 729 nm for the clock transiti&ﬁl/g—
2D5/2 was a Ti:sapphire laser (Coherent MBR-110), which lockethéohigh-finesse (F=3.5*£)
ultra-low-expansion optical cavity. Singl€Ca' ion was loaded from neutral Ca atoms into the trap
by electron ionization in the trap directly. The trappedynion was laser cooled with the 397 nm
and 866 nm lasers. The narrowing of fluorescence spectrunbder observed by minimizing the
micromotion with optimizing the compensation voltagesgsihe rf-photon correlation technigue
The quadrupole transition spectra were observed by théreteshelving method. Three magnetic
field coils were used to generate an arbitrary magnetic fiekthea position of ion. The Zeeman
components o?D5/2 were measured by pulse-light sequence.

We thank Dr. H. Shu, Prof. G. Huang, Ms. J. Li, Prof. L. Chen &df. F. Vedel for the
discussion and help. This work was carried out with the sttppbthe National Natural Science
foundation of China under Grant No: 60490280; National Aaméntal research program Grant No:
2005CB724500

1SHU Hua-Lin, GUAN Hua, HUANG Xue-Ren, LI Jiao-Mei, GAO Keh,i“A Single Laser Cooled Trapped
40Cat lon in a Miniature Paul Trap”. Chin. Phys. Lett. 22, 1641 (3P0

2H. Guan, B. Guo, G. L. Huang , H. L. Shu, X. R. Huang, and K. L. G&tabilization of 397 nm and 866
nm external diode laser for cooling single calcium ion”, Opommun. 274182 (2007)

3SHU HuaLin, GUO Bin, GUAN Hua, LIU Qu, HUANG XueRen, GAO KelLitExperimental Improvement
of a Single Laser-cooled TrappédCat ion”, Chin. Phys. Lett. 2451217 (2007)
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Temperature Dependence of Electric Field Noise Above
Gold Surfaces

J. Labaziewicz, Y. Ge, D. R. Leibrandt, S. X. Wang, R. Shewnioh. Chuang

Massachusetts Institute of Technology, Center for Ultidhédoms, Department of Physics, 77
Massachusetts Avenue, Cambridge, MA, 02139, USA

Dense arrays of trapped ions provide one way of scaling upragmquantum information process-
ing. However, miniaturization of ion traps is currently Ited by sharply increasing motional state
decoherence at sul0 pm ion-electrode distances. This decoherence has been deated to be
thermally driven, providing a plausible route to reducéritour experiment, we measure the heating
rates out of the motional ground state of a singlé &n as a function of electrode temperature in
6 — 120 Krange. At6 K, heating rates are observed to be as low as two quanta perdsethe noise
exhibits an approximate 1/f spectrum around 1 MHz, and grewislly with temperature a&” for 3
from 2 to 4. The data fit a model with a continuous spectra aitladly activated random processes,
and are consistent with microfabricated cantilever meaments of non-contact friction, but do not
extrapolate to the DC measurements with neutral atoms dacbpotential probes.
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Frequency metrology on a single, trapped ion in the weak
binding limit: The 3 s, ,—3ps» transition in Mg *

M. Herrmann, V. Batteigef, S. KniinZ, G. Saathoff, Th. Udent, T. W. Hansch2

Max-Planck-Institut fiir Quantenoptik, 85748 Garchingr@any
2Ludwig-Maximilians-Universitat Minchen, 80539 Miiech Germany

Radio frequency ion traps allow to prepare a sample of cald Eubject to low systematic uncer-
tainties, which enabled the most precise spectroscopisumeaents ever mateSo far, virtually

all absolute frequency measurements on trapped ions haregeformed on very narrow transi-
tions in the so-called strong binding limit, where the sacfilequency of the ion exceeds the natural
linewidth. In this case the spectrum consists of a carridranumber of sidebands that can be ad-
dressed individually. Spectroscopy on the carrier elit@a@oppler and recoil shifts, an important
prerequisite for the tremendous accuracies achieved. ¥Howerange of interesting transitions have
large linewidths that make it hard if not impossible to re#tod strong binding limit. Examples in-
clude astrophysically relevant transitidrad the study of exotic nuclei by measuring isotope shifts
of strong dipole transitioris In this regime, heating and cooling distorts the obserimsl dtrongly,
thereby limiting the spectroscopic accuracy. We develaedw measurement technique based on
continuous sympathetic cooling of an ion chain and spgtigsolved detection which overcomes
these limitations and allows to observe a symmetric, wellenstood lineshape. To demonstrate the
method we measured the absolute frequency of the,33p;» transition in a single trapped Mg
ion at 280 nm (linewidth 41.8 MHz). This line is a so-callech¢hor line” in the many-multiplet
method used in the search for a drift of the fine structure tems in quasar absorption spectra
We were able to improve the uncertainty in the linecentemay @arders of magnitude over previous
measurements Together with a recent measurenfean Ca' this is the first absolute frequency
measurement on a trapped ion in the weak binding limit anditsieto demonstrate an accuracy of
1% of the linewidth in this regime. The latter is required.€ar a planned experiment that aims at
studying the'' Be™ halo nucleus via isotope shift measureménts

1T. Rosenbaneét al. Science3191808 (2008)

2]).C. Berenguét al,, arXiv:physics/0408017v3 (2004)
3M. Zakovaet al. Hyperfine Interact171189 (2006)
4J.K. Webbet al. Phys.Rev.Lett87 091301 (2001)

5M. Aldeniuset al. Mon.Not.R.Astron.So870444 (2006)
6A.L. Wolf et al. arXiv:0804.4130v2 (2008)
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Observation of Coulomb crystals in a cryogenic linear
octupole rf ion trap

K. Okada, T. Takayanadi, M. Wad&, S. Ohtarnit, H. Schuesslér

!Department of Physics, Sophia University, 7-1 Chiyoday@d02-8554, Japan
2Atomic Physics Laboratory, RIKEN, 2-1 Hirosawa, Wako, 8ai 351-0198, Japan
3Institute for Laser Science(ILS), University of Electroimunications, 1-5-1 Chofugaoka, Chofu,
Tokyo, 182-8585, Japan
‘Department of Physics, TexagzM University, College Station, TX 77843, USA

Large and small Coulomb crystals of laser-cooled @ans have been observed in a cryogenic linear
octupole rf ion trap. We have systematically investigatesl thanges of the shapes of the crystals
by varying the axial static voltages and the asymmetric dages {4.). For relatively small axial
voltages, long prolate shapes of the ion crystals are obdemhen applyindg/;., while spherically
symmetry shapes are observed for larger axial voltagesl(Fi§s shown in Fig.1 (a), even for a large
number of ions the shell structures can be recognized itisalerystal. For a smaller number of ions
(Fig.1 (b)), the shell structure is well resoved. The estadanterval between the shell structures is
from 40 to 50um. Because of the small micromotion amplitudes in the lahg®st-field-free central
region of the octupole ion trap, the clear shell structurecanstructed. When a much larger number
of ions are crystallized, the strange shape of the crystatges as shown in Fig.1 (c). Although the
image is not clear, we recognize the dip along the axial tvec The reason of this property is
possibly attributed to the characteristic sum potentigh@radial directioh
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Figure 1:0Observed CCD images of the Coulomb crystals in the cryodemar octupole rf ion trap

. The scale is same for the all images. The trapping parameter f, ; = 6.04 MHz, V. = 157V,
and (@)Vzo =190V, V4. = 0.09 V, (b) V.0 = 3.40 V, Vg = 0.60 V, (C) V20 = 0.80 V, Vg = 0V

. The CCD image (c) was observed by setting the laser frequerthe position indicated by the ar-
row in the laser cooling spectrum of Fig.1 (¢’). The numberanfs are estimated to be (a)<11.0°,
(b) 4x10%, and (c)> 2 x 10® by assuming cylindrically symmetric crystals with a unifonumber
density ofng ~ 10% cm™3 derived from the Coulomb crystals composed of a small nuwiiens.

1K. Okada.et. al, Phys. Rev. &5, 033409 (2007).
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Cryogenic planar elliptical ion traps for quantum
simulation

R. Clark, Z. Lin, Y. Ge, K. Diab, I. L. Chuang

Center for Ultracold Atoms, Research Laboratory of Elenics, and Department of Physics,
Massachusetts Institute of Technology, Cambridge, Mssatts, U.S.A.

Quantum simulations have the potential to calculate isterg properties of many-body systems,
such as the phase diagrams of spin systems, that are iblecising classical computers. It has
been shown that such a simulation may be implemented usipst@ns of trapped ions manipulated
by laser radiatiort. In particular, a 2-D array of ions would enable the obséovaof interesting
effects such as spin frustration. In this work we discussdbgign and construction of a planar
elliptical rf ion trap? that is capable of confining stable 2-D arrays of ions. Theis@perated at 4K
to take advantage of the strong suppression of motionalrfieat low temperature We present
calculations of the secular potential of the trap and théipted structure of ion crystals therein, as
well as the expected micromotion as a function of the numb&ms. We discuss the fabrication of
the trap and the experimental system, including trap piatshfapparatus for measuring ion heating
rates, and steps toward quantum simulations.

1D. Porras and I. Cira®?hys.Rev. Lett 92, 207901
2R. Devoe Phys.Rev. A 58, 910.
3J. Labaziewicz, Y. Ge, P. Antohi, D. Leibrandt, K. Brown, h@&ng Phys.Rev. Lett. 100, 013001
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Quantum Information Processing with lons and Photons

S. Olmschenk, D. Hayes, D. N. Matsukevich, P. Maunz, D. L. Maow®y, C. Monroe

Joint Quantum Institute, University of Maryland and Natimstitute of Standards and
Technology, College Park, MD 20742

We demonstrate the entanglement of two atomic ions sepalteabout one metér? Ultrafast
pulses are used to simultaneous excite two individual lyitien ions confined in separate vacuum
chambers, and the resulting single photons emitted ardebirgo optical fibers and combined on a
beamsplitter. Due to the quantum interference of photorspaicoincident detection of the photons
heralds the entanglement of the two trapped fofs.

Proper choice of the excitation and detection scheme alfowentanglement between the atomic
state of an ion and either the frequency or polarization efeémitted photon. Optical frequency
qubits also allow for the implementation of a quantum gaé tlould be used for scalable quantum
computatior?. We demonstrate entanglement for both schemes, and in teedase, full quantum
state tomography of the ion-photon and ion-ion entangledesys, as well as violation of a Bell
inequality. In future work, alternate decay channels inytiterbium ion may be harnessed to produce
infrared photons (even near telecom wavelengths) to eaigedistance quantum communication,
and perhaps the implementation of a loophole-free Belluaéity measuremerit.

While this photonic linking requires identical photons beamgled with the emitting sources, the
subsequent quantum interference is independent of theseeso Thus, this scheme may also be
extended to entangle hybrid quantum systems such as atahggiantum dots, exploiting the advan-
tages of each for applications in quantum information psstwy.

We acknowledge support from IARPA under ARO contract and\B& Physics at the Information
Frontier Program.

1D. L. Moehring,et al,, Nature449, 68 (2007)

2D. N. Matsukevichgt al, Phys. Rev. LettL00, 150404 (2008)

3C. K. Hong, Z. Y. Ou, and L. MandeRhys. Rev. Let59, 2044 (1987)
4C. Simon, and W. IrvinePhys. Rev. Let91, 110405 (2003)

5L.-M. Duan,et al, Phys. Rev. A3, 062324 (2006)
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Microfabricated segmented ion trap for scalable quantum
information science

S. A. Schulz, U. Poschinger, G. Huber, F. Ziesel, F. Schidaler

Universitat Ulm, Institut fur Quanteninformationsvebeitung,
Albert-Einstein-Allee 11, D-89069 Ulm, Germany

Miniaturized multi-segmented ion traps are a promisindpigéecture for quantum information science
in a scalable way The microfabrication of linear Paul traps allows partifimy the trap in various
storage and processing regions for a large number of qubits.individual control of many qubits
is fundamental for the implementation of large-scaled twraralgorithms. The crucial requirement
for a scalable quantum processor is the fast qubit tranfeonteen spatial separated trap regions.
Numerical optimization of the trap geometry allows the etifee suppression of non-harmonic con-
tributions to the radial and axial potential in microfalatied linear traps. The trap optimization is
discussed and the numerical modelling of ion shuttling i®stigated in the adiabafi@and non-
adiabatic regime The fast transport in a non-adiabatic regime is optimizsidgiclassical optimal
control theory to avoid the excitation of vibrational quant

A novel scalable segmented linear microtrap with two déferadjacent zones and 62 independently
controlled electrodes allows shuttling of ions with nuroaly designed potentials at trap frequencies
of a few MHz. The microtrap is characterized using sidebgetsoscopy on the narrow; 5 to

D5 - transition of the!Ca’ ion. Coherent Rabi rotations, Ramsey spectroscopy andabggiound
state cooling are demonstrated and the heating rate isyatd. The applicability of the microtrap
for scalable quantum information science is prdven

The combination of sideband spectroscopy with a singleramsport along the trap axis at constant
axial frequency is demonstrated: Initially Doppler cogldgt ion is shuttled to a different trap region
where sideband spectroscopy is performed. Shuttled baekiphs quantum state is revealed from
a fluorescence measurement. Such operations are necesssupg$equent two-qubit quantum logic
operations.

1D. Kielpinski, C. Monroe and D. J. Wineland, Nature 417, 72902).
2G. Huber, T. Deuschle, W. Schnitzler, R. Reichle, K. Singer
and F. Schmidt-Kaler, New J. Phys. 10, 013004 (2008).
3S. A. Schulz, U. Poschinger, K. Singer and F. Schmidt-K#lerschr. Phys. 54, 648 (2006).
4S. A. Schulz, U. Poschinger, F. Ziesel and F. Schmidt-Kalewy J. Phys. 10, 045007 (2008).
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Individual ion addressing using a magnetic field gradient
in a surface-electrode ion trap

S. X. Wang, J. Labaziewicz, Y. Ge, I. L. Chuang

Center for Ultracold Atoms, Massachusetts Institute ohfetogy, Cambridge, USA

The ability to address individual ions is an important issuasing multiple trapped ions to perform
quantum operations. Previous efforts have included usiegigely focused laser beams aimed at
only one ion at a timg which poses a significant technical challenge. An altéreas to use field-
dependent transitions and a magnetic field gradient to #feftransition frequencies of ions as a
function of position. This requires good stability of the&bfield in order to achieve desired fidelity
of quantum operations. In a cryogerfiz" ion trap we use théS, ,» — 4Ds/, transition as an
optical qubit, which can be Zeeman shifted using a bias fieltegated by external coils. We describe
a scheme to create a local field gradient by integrating ntis@urces onto a microfabricated surface-
electrode trap, and present some initial experimentalltsesiTaking advantage of the cryogenic
environment, we also stabilize the field at the trap sitegisimperconducting rings as flux shields.
The rings can be integrated with the trap, simplifying inmpémtation and improving alignment to
the ions.

1H. C. Nagerlet al,, Phys. Rev. 260 145 (1999).
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Simulating a quantum magnet with trapped ions

A. Friedenauer, H. Schmitz, J. T. Glueckert, D. Porras, hiagtz

Max Planck Institut fur Quantenoptik, Garching, Germany

We can not translate quantum behaviour arising with supsitipo states or entanglement efficiently
into the classical language of conventional compdteis universal quantum computer could de-
scribe and help to understand complex quantum systems.t Bugnvisioned to become functional
only within the next decade(s). A shortcut was proposed wmaulating the quantum behaviour of
interest in another quantum system, where all relevaninpeters and interactions can be controlled
and observables of interest detected sufficiently wéfistead of translating quantum dynamics into
an algorithm of stroboscopic quantum gate operations talrem on a universal quantum computer,
we want to continuously control and manipulate the spingjvaient to the way nature evolves the
system of our interest.

Our system for a feasibility study is a linear chain of magmasions. External fields and interac-
tions between the ions are simulated/controled via rf- asdr-fields respectively. To initialize our
system, we cool up to three ions close to the axial-motionaligd state{ ~ 0.02). To calibrate
our operational fidelities, we implemented a geometric ptgate and prepared an entangled Bell
state of two ions with a fidelity exceeding 95%. Subsequemily were able to simulate an adia-
batic evolutiori of two spins described by the Quantum-Ising-Hamiltonianfrparamagentic into
(anti)ferromagnetic order with an fidelity of 98%. We probét this transition is driven by quantum
(not thermal) fluctuations providing us even an entanglatestith a lower bound for the fidelity of
88%. We discuss these results and comment on the possibtiitincrease the size of our system.
Already a comparably small amount of simulation-spins,hef ¢rder of 30-50, are supposed to be
sufficient to outperform classical computers. In additite, fidelities of the proposed operations are
predicted to be sufficiently high in state of the art experita@nd do not have to be performed within
very demanding fault tolerant limits for universal quantaomputatiord.

Based on new ion-trap technology it seems to become feasilsieale the ion simulator to a larger
amount of ions to realize trap arrays, allowing to invegggpiantum simulations on two dimensional
spin-grids, e.g. spin-frustration. Experts in the fieldallus to hope, starting from arrays spanned by
10x10 ions, to provide new insight into quantum dynamics. é¥gect/hope to observe effects that
represent Quantum-Phase Transitions for many-particiesys.

1R.P Feynman, Inter. Journal of Theoretical Physics, 212198
2D. Porras, J.I. Cirac, Phys. Rev. Lett. 92, 207901 (2004)
SA. Friedenauer, H. Schmitz, J. Glueckert, D. Porras and a8z, Nature Physics (accepted 29.05.2008)
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Coherence of the metastable qubit if’Ca* ions
K. Toyodd?, S. Hazé, R. Yamazali, S. Urabé?

LGraduate school of Engineering Science, Osaka Univeaiyan
2JST-CREST, Japan

We have been investigating the possibity of using the naitées ° D, and3 > Dj  states if°Ca’

ions as a qubit:? These states are separated from each other by 1.82 THz.sladheéme they are
connected with a stimulated Raman transition induced byitévared lasers at 850 and 854 nm. The
two lasers (a titanium sapphire laser and a taper-amplifadedaser) are phase-locked to each other
by using a passive-type optical frequency comb.

In this poster we present our recent study on coherence betilie two metastable states. The decay
of the off-diagonal density matrix elements between theastable states are measured by using the
Ramsey method. By combining a spin-eehpulse in a Ramsey sequence, a visibility decay time of
5.1 ms is obtained. This is sufficient for implementing siemgliantum gate sequences. This work
is an essential step for realization of a qubit using the tvetastable states, and, to the best of our
knowledge, is the first demonstration of coherent manimriaof the internal states separated by
around a THz using phase-locked lasers.

0.25

Visibility
o o o

Population in the D, state

T R S S S i e
Detuning [kHz] Time Interval (T) [ms]

Figure 1: Ramsey signal for the stimulated Figure 2: Decay of the visibility of Ramsey
Raman transition betweer82D3/2 and signals. The circles represent visibility for
32D; /2 States, taken with a pulse interval of spin-echo sequences, whereas the crosses
1 ms and a pulse duration of 9&. represent visibility for normal sequences.

1R. Yamazaki, T. Iwai, K. Toyoda, and S. Urabe, Opt. L88, 2085 (2007).
2R. Yamazaki, H. Sawamura, K. Toyoda, and S. Urabe, Phys./R&V, 012508 (2008).
3M. Kourogi, K. Nakagawa, and M. Ohtsu, IEEE J. Quantum EtettR9, 2693 (1993).
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Robust creation of Dicke states of trapped ions by
collective adiabatic passage

I. E. Linington®>2, N. V. Vitanov*3

! Department of Physics, Sofia University, James Bourchidvd, 1164 Sofia, Bulgaria
2Department of Physics and Astronomy, University of Sugsémer, Brighton, BN1 9QH, United
Kingdom
3Institute of Solid State Physics, Bulgarian Academy ofr8eis, Tsarigradsko chaussée 72, 1784
Sofia, Bulgaria

We propose two novel techniques for the creation of maxymatitangled symmetric Dicke states
in a chain of trapped ions by using collective adiabatic @agss The techniques are applicable, with
essentially the same level of complexity, to any number n§iand excitations. One of thehre-
quires only a pair of chirped pulses from a single laser. Bljsirtg a particular factorisation of the
Hilbert space for multi-level ladders the problem is redlit® ‘bow-tie’ configuration energy-level
crossings. By enforcing adiabatic evolution conditionsaebitrary pre-determined collective Dicke
state is created with high efficiency. This technique is radliyi robust against fluctuations in the
laser intensity and the chirp rate. This method may also bd tescreate number states of a collec-
tive vibrational mode of the ions. The other, closely redatechnique? uses global addressing of
the entire chain by two pairs of delayed but partially ovapiag laser pulses to engineer a collective
adiabatic passage along a multi-ion dark state. This tgclenis a many-particle generalization of
stimulated Raman adiabatic passage (STIRAP). It is thexefecoherence-free with respect to spon-
taneous emission and robust against moderate fluctuatidhe iexperimental parameters. Because
both techniques are very rapid, involving a single intécacstep only, the effects of heating are
almost negligible under realistic experimental condisioWe predict that the overall fidelity of syn-
thesis of a Dicke state involving ten ions sharing two eficites should approach% with currently
achievable experimental parameters.

1. E. Linington and N. V. VitanovRobustcreationof arbitrary-sizedDicke statesof trappedions by global
addressing, Phys. Rev. 7, 010302(R) (2008)

2|, E. Linington and N. V. VitanovDecoherence-frepreparationof Dicke statesof trappedions by collective
stimulatedRamanadiabaticpassage, Phys. Rev. A, in print (2008)
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Coherent accumulation effects in the propagation of an
ultrashort pulse train

A. A. Soares, L. E. E. de Araujo

Instituto de Fisica “Gleb Wataghin”, Universidade Estadule Campinas, Campinas - SP,
13083-970, Brazil

Absorbtion and dispersion can change the caracterist@segonant laser pulse propagating through
an extended atomic medium. A weak ultrashort pulse (UP)setiemporal width is much shoter
than the polarization decay time, is converted into an lagoily function of time as it propagafes
When the medium is properly prepared by a preceding strotsg psuch a weak UP can experience
amplificatior?.

In this work we studied the propagation of an UP train thromghextended collection of two- and
three-level atoms (Figure 1). We worked in the weak fieldmegiwith each individual pulse in-
teracting with the medium in a perturbative way. Nevertbgldor repetitions periods shorter than
the excited state lifetime, coherent accumulation of exicih between pulses will take place, and a
strong excitation of the medium will occurs. Each pulse fiiltl the medium in a different initial
condition from that of the previous pulse. Thus, the pulsintpropagation can't be described by
linear dispersion law, and we solved the Maxwell-Bloch digues numerically.

N N la)
I vvo T
—~ 1) Ib)

. . a . .
Figure 1: The model atomic sys{egns: (a) two-level system and (tggj)dﬁgem system, interacting
with a train of Gaussian UP with repetition peridd. In both cases, the atoms are initially in their
ground states.

We observed that in the two-level system the pulse can expeziboth absorption and amplification.
For the three-level configuration, after a large number ¢€gr) coherent accumulation by excitation
of successives pulses leads to Electromagnetically Itlicensparency of the pulses and, at exit of
the medium, the pulses have the same temporal shape thanéntitance of the atomic medium.

1L. Allen and J. H. Eberly, Optical Resonance and Two-Levelms (Dover, New York, 1987). M. A. Bouch-
ene, Phys. Rev. A6, 065801 (2002)
2J. Czub, J. Fiutak and M. Miklaszewski, Opt. Commi47, 61 (1998)
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Synthesis of Sub-Single-Cycle Optical Pulse Train with
Constant Carrier-Envelope Phase

A. H. Kung"?, W.-J. Cheh, J.-M. Hsielt:3, C.-K. Le¢", R.-P. Pah, C.-L. Par

nstitute of Atomic and Molecular Sciences, Academia Sjrfaiwan
2Department of Photonics, National Chiao Tung Universigiywan
3Physics Department, National Taiwan University, Taiwan
“Institute of Electro-optical Engineering and Semiconduadiechnology B.D Center, National
Sun-Yat-Sen University, Taiwan
SDepartment of Electro-physics, National Chao Tung UniigrFaiwan

Molecular modulation is a process in which the coherencerabbecule is driven with two intense
laser beams to its maximum value. The strongly driven mddéeaoherence in turn modulates the
incident laser frequency to produce a broad spectrum ¢otis many sidebands.[1] When these
sidebands are all in phase a train of ultrashort laser pulse$e produced. A four- wave mixing
cross-correlation scheme can be used to determine the tahwadth of these pulses.[2]

With the help of two independently tunable pulse- amplifiedje-mode lasers we have generated
in room temperature Hcollinearly propagating Raman sidebands that have wag#isrthat range
from 1203 nm in the infrared to deep in the vacuum ultraviolEe frequencies covered by these
sidebands span over 4 octaves for a total of more than 70000 @mthe optical region of the
spectrum.[3] In this paper we describe the synthesis obdariwaveforms consisting of a train of
pulses that are 0.83 cycles long and have an electric fiekkbpuidth of 0.44 fs using a subset of
the sidebands we generated in.H] The pulse envelope FWHM is 1.4 fs. The wavelength of the
sidebands used is from 1203 nm to 301 nm. We verify by crosselation measurements using
four-wave mixing in Xe the characteristic of these pulsed #rat their carrier- envelope phase is
constant when the pulses are synthesized from commengsinateands. The estimated overall shift
of the carrier-envelope phase is less than 0.18 cycles fhenfitst to the last pulse of nearly 40
pulses in the pulse train. These pulses will be useful fobimgphase-dependent quantum processes
in atoms and molecules that will complement time-resolvediss such as photoemission of inner
shell electrons and Auger decay that have recently beenm&nated by probing with few-cycle to
single cycle soft-x-ray pulses.[5]

1 S.E. Harris and A. V. Sokolov, Phys. Rev. L&, 2894 (1998).

2 M. Y. Shverdin et. al. Phys. Rev. Lefi4, 033904 (2005).

3 S.W. Huang et. al. Phys. Rev. 7, 063825 (2006).

4 W.-J. Chen et. al. Phys. Rev. LetD0, 163906 (2008).

5 F. Krausz et. al. Naturé46, 627 (2207) and Natur449, 1029 (2007).
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Filamentation properties of air with carrier-envelope offset
controlled, few cycle light pulses

D. E. Laban, R. D. Glover, R. T. Sang, D. Kielpinski

Australian Attosecond Science Facility, Centre for Quamfdlynamics, Griffith University,
Brisbane, Queensland, Australia

In this poster, we present work that explores the effectdarhféntation as a function of the carrier-
envelope phase for high power, few cycle light pulses. A féatris created when a high-powered
optical field collapses due to the non-linear Kerr effectf{&ussing}. The power density at this
point is high enough to form a plasma in the air moleculesuhotunnel ionisatioh This alters
the refractive index of the medium such that a stable eqiilib is obtained between self-focussing
and self-defocussing which causes the length of the filanmeekceed the Rayleigh length. The
distance that self-focussing occurs at is dependent onehlk power of the pulse which, for a few
cycle pulse, depends on the carrier-envelope phase. Whithiflament many multi-photon ionisation
events occur in the air molecules as well as self phase miatuldhis results in a broad spectrum
being observed at the end of the filament.

Figure 1:

A filament in air.

We have observed filamentation in atmosphere using pulsesated by a Ti:Sapphire self mode-
locked laser that is then intensified in a multi-pass ampléiel compressed in a neon filled hollow-
core fiber. The laser system produceséfs pulses with 0.4mJ energy and a spectral FWHM of
180nm at a central wavelength of 800nm. The carrier-eneetiffset is controlled by using the f-2f
interferometer technique that was devised by Hansch eEaperimental observations of changes to
the properties of the filament, such as spectral broademiddte spatial onset, as a function of the
carrier-envelope phase will be presented.

1A. Braun, G. Korn, X. Liu, D. Du et al., Opt. LetR0, 73-75 (1995).
23, L. Chin, F. Thberge, & W. Liu, Appl. Phys. 86, 477-483 (2007).
3T. Udem, R Holzwarth, & T. W. Hansch, Natudd 6, 233-237 (2002).

444 ICAP 2008, Storrs, CT, USA, July 27 — August 1, 2008




“thebook” — 2008/7/11 — 16:33 — page 445 — #467

Intense Fields and Ultrafast Phenomem&l120 Poster Session Ill: Thursday, July 31
Four-photon ionization of lithium.

I. A. lvanov, A. S Kheifets

Research School of Physical Sciences and Engineering, O$teafian National University,
Canberra ACT 0200, Australia

We consider a process of four-photon ionization of lithiunder the action of a 25 fs pulse of the
Ti:sapphire laser (photon energy= 1.56 eV). Our interest in the problem stems from recent ex-
periments on the intense laser field ionization of magnetically trapped (MOT) Li atoms. In
these experiments certain puzzling features in the phattrein spectra were observed which we try
to simulate with the help of a direct solution of the time degient Schrodinger equation (TDSE). We
describe the field-free lithium atom in the ground state lbyisg a set of self-consistent Hartree-Fock
equations. We adopt the single active electron approachdascribe the one-electron excitations
from the valences shell in the frozen-core Hartree-Fock (FCHF) approxinmatio

To solve the TDSE we follow the strategy similar to that weéapplied before for two-electron
systems’. The TDSE is solved for the time intervéd, T1) corresponding to the duration of the
pulse. The spectrum of photoelectrons is obtained(@§ = |(¥, |¥(T1))|* , where W (T}) is
solution of TDSE at the moment of the end of the pulde, is a scattering state of lithium with
asymptotic electron momentum To construct this state we rely again on the FCHF approxanat
The resulting photoelectron distributions (as functiohthe component of the momentupy along
the EM field) are shown in Figure 1 for various peak strengthh@EM field.
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Figure 1. Photoelectron momentum distribution as a functionppffor various field strengths
Fac = 0.001; 0.002; 0.004; 0.005 a.u.

The prominent peak at abopf; = 0.25 a.u. in the electron distribution results from the 4-photon
ionization of electrons from the ground state in the di@tf the EM field. The presence of the
central peak gt = 0 a.u. seemed puzzling in the experiment. Our results sughastonsiderable
amount of photoelectrons may go in the direction perpetalicio the direction of the EM field,
thereby creating central peaks in the distributions shavthé Figure 1.

1J.Steinmann, 20th International Symposium  on lon-Atom lisiohs, http://isiac-
2007.physics.uoc.gr/talks/Steinmann.pdf
2].A.lvanov and A.S.Kheifets, Phys.RevZs, 033411 (2007)
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High harmonics generation from excited states of atomic
lithium.

I. A. lvanov, A. S Kheifets

Research School of Physical Sciences and Engineering, G$teahian National University,
Canberra ACT 0200, Australia

We present a calculation of the harmonics yield from thedithatom exposed to an intense 3.
midinfrared laser pulse. Lithium atom is described in tterfework of the Hartree-Fock approxi-
mation. Time dependent Schrodinger equation (TDSE) f@ttim in the presence of the laser pulse
is solved using the procedure we have applied before foref@otron systems, 2. The TDSE is
solved for the time interval0, 307°), whereT is duration of an optical cycle of the laser field. Our
calculation shows that a considerable increase of the pighigh harmonics generation (HHG) can
be achieved if initially the atom is prepared in an exci2ed
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Figure 1: Harmonics spectrum of Li frordp state, peak strength of the EM field = 0.005 a.u.
(red) solid line, " = 0.0025 a.u. (green) long-dash line and frogs state,FF = 0.005 a.u. (blue)
short-dash line.

We show that this increase can be regarded as a resonansgihee to appearance of a multipho-
ton resonance between the initial state and a quasieneaty: sthis conclusion follows from the
approximative (neglecting depletion of the initial stareatment of the HHG process using Floquet
propagator for the description of the atomic evolution iegemce of the laser pulse.

1|.A.lvanov and A.S.Kheifets, Phys.Revi&, 042710 (2006)
2].A.lvanov and A.S Kheifets, Phys.RevZs, 033411 (2007)
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All-fiber, octave-spanning supercontinuum source for
versatile wavelength selection and powerful 243nm source

J. J. Chapman, M. G. Pullen, D. Kielpinski

Centre for Quantum Dynamics, Griffith University, BrisbaAeastralia

A light source was generated with spectrum spanning moreahactave (900-1950nm) using fiber
processes. Sub-picosecond pulses at 1550nm are produeechdge-locked fiber laser. The pulses
are expanded to more than 20ps using dispersion compeméaen (DCF) to reduce non-linearities
in the amplification stage. The chirped pulses are amplif@dguan erbium-doped fiber amplifier
to an average power of 800mW. The amplified pulses are therils®ugh highly non-linear fiber
(HNLF) for supercontinuum generation.

Using a diffraction grating this light was dispersed andlaelengths 1110nm and 1944nm were
recollected with power density 20uW/nm and 10uW/nm respalgt The collected light is suffi-
ciently bright for re-amplification by a simple fiber preaiifipl, before the main amplification stage
using a power amplifier. This light will then be recompressedchieve high peak-power, sub-
picosecond pulses. The 1944nm pulses will then be frequdaabled three times with approxi-
mately 20% total conversion efficiency to produce up to 1W48rin light. The 1110nm light will
also be amplified and recompressed for use in an ion-tragiexqet.
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New tools for coherent control of light emission

M. Ndong', R. Kosloff?, H. Tal-Ezef, C. P. KocH

Hnstitut fir Theoretische Physik, Freie Universitat BerArnimallee 14, 14195 Berlin, Germany
2Department of Physical Chemistry and The Fritz Haber Rese@enter, The Hebrew University,
Jerusalem 91904, Israel

3School of Mathematical Sciences, Tel Aviv University, Val 89979, Israel

Generation of coherent broadband UV emission by phaseat@ffiemtosecond multi-photon IR ab-
sorption was recently demonstrafe@he scheme is illustrated in Fig. 1: In atomic systems, natio
phase shaping allows for rendering the intermediate twaigshresonance dark? while optimizing

the three-photon absorption which leads to the UV emission.

Our goal is to extend this scheme to molecules since morelilasss for control arise due to the in-
ternal degrees of freedom. Optimal Control Theory (OCT) belemployed where a state-dependant
constraint® allows for suppressing population in a "forbidden subspdaethis formulation of OCT,

an inhomogeneous Schrddinger equation is obtained. lerdodsolve it numerically, we derive a
generalization of the Chebychev propagator. The formaitesl of an inhomogeneous Schrodinger
equation can be written in terms of functions of (known) apers acting on wavefunctions. Anal-
ogously to the case of the ordinary Schrodinger equatim farmal solution is amenable to poly-
nomial approximations, using e.g. Chebychev polynomiale propagator consists of the ordinary
part plus an additional expansion in powers of the time Stéptest the new propagator and present
first applications.
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Figure 1:Coherent broadband UV emission may be achieved by the aibmoqf three IR photons.

1L. Rybak, L. Chuntonov, A. Gandman, N. Shakour and Z. Amigaiv:0710.1226.
2D, Meshulach and Y. Silberberg, Natug86, 239 (1998).
3J. P. Palao, R. Kosloff and C. P. Koch, arXiv:0803.0921.
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Ultrashort Pulse Generation with Zero Carrier Envelope
Offset by using Broad Raman Sidebands

T. Suzuki+?, M. Katsuragaw&?

'Dep. of Appl. Phys. and Chem., Univ. of Electro-Comms, Talaman
2JST-PRESTO, Saitama, Japan

Recently, it was shown that a pair of intense laser fields-ressonant to a Raman transition, could
strongly drive the Raman coherence in a far-off resonamgtievel system, preparing a superposi-
tion state of two quantum states with maximal coherence lhvi@sults in generation of broad Raman
sidebands. In this study, we focus on the potential apjdicatf Raman sidebands for ultrashort pulse
generation. Such ultrashort pulses have advantages widdheultrahigh pulse-repetition rate, the
tunability of the center frequency, and the controllapibif the carrier envelope offset (CEO). The
repetition rate corresponds to the frequency spacing wkidbtermined by the Raman transition fre-
quency, typically exceeding a terahertz. The center freguand the CEO can be tuned by precisely
controlling the frequencies of the pump fields. If we can madanocycle pulses from such Raman
sidebands with zero-CEO, all the pulses have the same camelope phase and can potentially
form an asymmetrically oscillating, intense nanosecordeas illustrated in Fig. 1.

Far-off resonant three level system

Intense two-color nanosecond pulse Mono-cycle pulse train with fixed CEP
(Beating nanosecond pulse)

Pump frequencies BN B Raman sidebands
le>
lg> Raman %?SH“?_
[} ©
coherence

Figure 1: Schematic of our procedure. Broad Raman sidebands withQE® have a potential to
form an intense, asymmetric nanosecond pulse.

In this presentation, we show how we generate a broad sidefi@actrum and control its CEO to
zero. We drove a Raman coherence by using two intense namaspalses generated from a dual-
wavelength injection-lock pulsed Ti:Sa laser. We used {patational Raman transition of = 0

to 2 (10.6 Thz) in parahydrogen molecules at liquid nitrogengeratures. The sideband spectrum
can satisfy the zero-CEO condition when the two pumps wejtestet! to have the appropriate fre-
quencies. In order to broaden the sideband spectrum andiregas CEO, we further introduced a
second harmonic (SH) of one of the two pump fields. Consetusidebands of over 50 components
were generated, spanning from infrared to ultraviolet i equidistant frequency spacing of 10.6
THz. We measured the CEO of less than 1 GHz by making use ofitfzedf thef-2f self-reference
method. We will also show recent progress of spectral-pbesgensation of the sidebands to give
monocycle pulse train resulting in an asymmetric nanosgt@oibse which has various potential ap-
plications in physical and chemical researches.
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Orientation-Dependent Behavior of Strong-Field
lonization Rates for Laser-Irradiated Diatomics

P. E. Pyak?, V. V. Kim®, V. I. Usachenk&?

Hnstitute of Applied Laser Physics UzAS, Tashkent, Uztaekis
2Department of Physics, National University of UzbekisBashkent, Uzbekistan

The strong-field process of above-threshold ionization Allaser-irradiatedVz, O> andF> molecules
depending on molecular axis orientation with respect tadewt laser field polarization is theoreti-
cally studied for various laser intensities. The incidexstelr intensityl is supposed to vary within a
broad range corresponding to a large scale of the so-cabkédlygh parametey extending between
too small valuesy < 1 (corresponding to tunneling regime of ionization) and trgé values > 1
(corresponding to multiphoton regime of ionization).

The problem is addressed within thielocity-gauggVG) formulation of moleculastrong-field ap-
proximation (SFA) assuming the validity o$ingle-active electrorconsideration and LCAO-MO
method to model an initial molecular wavefunction as a setnef-electron molecular valence shells.
Unlike alternative SFA-based consideratipthe currently applied approach essentially exploits the
density functional theorgnethod of accurate composition of initial (laser-free) ewoilar state using
the GAUSSIAN-03 code Such a composition allows to reproduce the correct ordesfrat least
three outer valence shells including theghest-occupied molecular orbitdHOMO) and provide
accurate values of respective binding enérgy

The resulting total molecular ionization rates were found¢ very sensitive to spatial orientation
of molecular axis with respect to incident laser field paation. The form of such orientation-
dependent behavior has been found to be mostly dependerttitad and bonding symmetry of initial
(laser-free) molecular state corresponding to HOMO. Fange, the ionization rate calculated for
N2 (with 30, HOMO) proved to have an orientation dependence quite éiffiefrom that calculated
for F> (with 17, HOMO). Meantime, the extent of how much pronounced the tai@n dependence
is for either of diatomics proved to be strongly dependentnoident laser intensity. Namely, the
orientation dependencies @f; and F» ionization rates demonstrate a similar intensity-depende
behavior being most pronounced within the region of moeelater intensity (viz.y ~ 1 or I ~
2-10"W/cm? for A = 800 nm). Accordingly, these orientation dependencies becomsiderably
less pronounced within either low-intensity (viz.,> 1 or I < 2 - 10"*WW/em?) or high-intensity
(viz.,v < 1orI > 2-10"W/em?) domains. For the former intensity domain the behavior of
revealed orientation dependencies confirms the respesgislier VG-SFA findings, whereas, for
the latter domain, it rather agrees with opposite predictibalternative MO-ADK calculatiors

1A. Jaron-Becker, A. Becker, and F.H.M. Faisal, Phys. Re692023410 (2004).

2M. J. Frisch and J. A. Pople, GAUSSIAN-03, Revision A.1 (Gaas, Inc., Pittsburgh PA, 2003).
3Xi Chu and Shih-I Chu, Phys. Rev. 20, 061402(R) (2004).

4X. M. Tong, Z. X. Zhao, and C. D. Lin, Phys. Rev. @6, 033402 (2002).
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On Contribution from Inner Molecular Shells to No
Suppression in Strong-Field lonization ofF;

P. E. Pyak?, V. V. Kim®, V. I. Usachenk&?

Hnstitute of Applied Laser Physics UzAS, Tashkent, Uztaekis
2Department of Physics, National University of UzbekisBashkent, Uzbekistan

The highly multiphoton phenomenon of strong-field aboveshold ionization (ATI) inf» molecule

is addressed within theelocity-gauge(VG) formulation of molecularstrong-field approximation
(SFA). Contrary to predictidn the total molecular ionization rate observed in experitsteior
does not show a suppression as compared to its atomic cparttér of nearly equal ionization
potential. Unlike alternative VG-SFA consideratigrihe currently applied approach is essentially
based on thdensity functional theomnethod of accurate numerical composition of initial (lasee)
molecular state using the GAUSSIAN-03 cdd8uch a composition allows to reproduce the accurate
binding energies of at least three outer valence shellsidiy the highest-occupied molecular
orbital (HOMO) using the modeL B,, intramolecular binding potential, which incorporatestbibte
exchangdfactorized byw) andcorrelation (factorized by3) LSDApotentialé.

The resulting total ionization yields calculated #6y are well consistent with experiment and demon-
strate no suppression versds ionization. Moreover, the calculated partial contribngof ioniza-
tion from separate inner molecular valence shells (suchwrasand3o,) suggest that predominant
contribution toF% ionization is to be always from ther, HOMO corresponding to the outermost
valence shell. The latter is in a contradiction to altenetionsideratiohbased on time-dependent
density functional theory (TD-DFT), which attributed thechanism of no suppressionff ioniza-
tion to an exceptionally enhanced ionization fr8e, inner shell, which may contribute comparably
or even predominantly within the high-intensity laser fidlwmain? > 3 - 10" W/cm?. Such an
interpretation seems to be at least insufficient leavingpliaéned the reason, for which the relative
contribution from simila3o, inner shell inO is to be always negligible that results in a high sup-
pression observédn ionization ofO; versus its atomic counterpakte. Our present VG-SFA results
assuming a predominant contribution frdmy, ionization (similar to it occurs irD2) thus suggest
quite a different interpretation for no suppressionFinionization. The phenomenon is presently
explained by the closed-shell naturelof, in F> implying a domination of the correlationSDA
potential (viz.,a = 0.988 versus = 1), in contrast to the open-shelir, in Oz, to which the
exchangd.SDA-potential proved to contribute predominantly (viz.= 1.745 versusg = 1).

1A. Jaron-Becker, A. Becker, and F.H.M. Faisal, Phys. Re69/023410 (2004).

2M. J. DeWitt, E. Wells and R. R. Jones, Phys. Rev. L&%.153001 (2001); C. Guo, et al., Phys. Rev58
R4271 (1998).

3M. J. Frisch and J. A. Pople, GAUSSIAN-03, Revision A.1 (Gaas, Inc., Pittsburgh PA, 2003).

4Xi Chu and Shih-1 Chu, Phys. Rev. 20, 061402(R) (2004).
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Driven cold atoms as a model system for nonequilibrium
dynamics : Dynamic phase transition

Myoungsun Heo, Yonghee Kim, Jina Park, Wonho Jhe

Department of Physics, Seoul National University , Seooite&

Strongly driven nonlinear oscillators show a variety okiisting phenomena such as period dou-
bling, bifurcation, chaos, and so on. Recently fluctuatigradhs in such nonequilibrium systems
have revealed several distinct phenomena from those ifileguin systems such as breaking of
time-reversal symmetty, lack of detailed balanée universal scaling laws in activation enerdies
etc. However these studies have been done so far in the s/keanimg only single oscillator. Using
cold atomic systems, we can study the effects of collectiteractions on nonequilibrium systems.
We previously investigated spontaneous breaking of pdpulaymmetry between identical attrac-
tors'. Here we further study its critical properties by measuresef relevant critical exponents.
Obtained critical exponents reveals the long-range featof the phase transition and the interac-
tions. In addition, by adding oscillating bias field, we atvgenew kinds of phase transition called
dynamic phase transition

1H. B. Chan, M. I. Dykman, and C. Stambaugh, "Paths of Flu@nainduced Switching”, Physical Review
Letters 100, 130602 (2008).

2D. G. Luchinsky, and P. V. E. McClintock, "Irreversibilityf alassical fluctuations studied in analogue elec-
trical circuits”, Nature 389, 463 (1997).

SH. B. Chan, and C. Stambaugh, "Activation Barrier Scaling &mossover for Noise-Induced Switching in
Micromechanical Parametric Oscillators”, Physical Revieetters 99, 060601 (2007).

4Kihwan Kim et al., "Spontaneous Symmetry Breaking of Popoiain a Nonadiabatically Driven Atomic
Trap: An Ising-Class Phase Transition”, Physical Reviewtdrs 96, 150601 (2006).

5B. K. Chakrabarti and M. Acharyya, "Dynamic transitions dngteresis”, Reviews of Modern Physics 71,
847 (1999).
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Femtosecond laser frequency comb for precision
astrophysical spectroscopy

C.-H. Li%?, A. J. Benedick, C. E. Cramer?, P. Fendel?, A. G. Glenday'?, F. X. Kartnef,
D. F. Phillips, D. SasseloV, A. Szentgyorgyi, R. WalswortH->

Harvard-Smithsonian Center for Astrophysics, Cambridgd, 02138, USA
2Dept. of Physics, Harvard University, Cambridge, MA, 02138A
3Department of Electrical Engineering and Computer Sciemme Research Laboratory for
Electronics, Massachusetts Institute of Technology, Easssetts 02139, USA
“MenloSystems INC, Germany

Spectroscopy is a crucial tool for cosmology and the searclexftrasolar planets. Broadband fre-
quency combs have revolutionized precision spectrosaoplye laboratory with frequencies deter-
mined to better than one part in £Q good long-term stability and reproducibility. Howevereir
application to astrophysics requires increasing the cbngispacing by at least 10-fold from today’s
high repetition rate sources operating at about 1 GHz. Wartépe successful test of a 40-GHz comb
generated from a 1-GHz source combined with a Fabry-Pérgtyc without compromise on long-
term stability, reproducibility and resolution. The apgliion of this novel technique to astrophysics
should allow more than a 10-fold improvement in Doppleffistgnsitivity, with significant impact
to many fields, including the search for extrasolar Earths,direct measurement of the universe
expansion and the detection of the temporal variation ojalay constants.
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Photon localization and Dicke superradiance in atomic
gases

E. Akkermans$?, A. Gerd, R. Kaise?

!Department of Physics, Technion Israel Institute of Tetdmyg 32000 Haifa, Israel
2Department of Applied Physics and Physics, Yale UniversiBA
3Institut Non Linéaire de Nice, UMR 6618 CNRS, France

Photon propagation in a gas df two-level atoms at rest, enclosed in a voluiiig with a uniform
densityn, is studied using the effective Hamiltonian

AT hl'o _
H = (hwo - ZT) S+ 3 VsTS;
i#j

which describes photon mediated atomic dipolar interaetisfz are atomic operators. The density
P(T") of photon escape rates is determined from the spectrum a¥tlxe N random matrix';; =
sin(x;;)/x:5, wherex,; is the dimensionless random distance between any two affimesdisorder
strength is defined by the dimensionless paramiter= % 2z~ where N, = (koL)?/4 is the
number of transverse photon modes. A quantitative chaiaaten of P(T") is obtained using the
function C(L, W) defined between 0 and 1 ly(L, W) = 1 — 2 [~ dI' P(I). It measures the
relative number of states having a vanishing escape raténifg size, we expeaf' (L, W) to have a
scaling form namely to be a function &f/£(1W') alone. We have verified this scaling behavior over
a broad range of size and disorder when results are plottaduagtion ofr>N/N | , see Fig. 1.
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Figure 1:Scaling behavior o€ (L, W) when plotted as a function of the parametéiN/N, . The
continuous line is a fit obtained from a stochastic model d&addashed line results from microscopic
calculations in the asymptotic limi¥V > N, .

We explain these results (see Fig. 1) using microscopiatzions together with a stochastic model
which emphasizes the role of cooperative effects in phatoalization and provides an interesting
relation with statistical properties of "small world neteke”.
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Motion-Induced Resonance: Toward a New Atom
Manipulation Technique Using Periodic Structures

A. Hatakeyama, Y. Kobayashi, T. Ino

Department of Applied Physics, Tokyo University of Agtiea and Technology, Japan

Interactions of particles with periodic structures haverbstudied for a long time and used in various
applications. Only a few are mentioned here: atomic beafradifon techniques for surface analy-
sist; atom mirrors using periodically magnetized surf&c@ese applications are mostly concerned
with the change or control of atomic motional states, buiguke structures can actually be used to
induce resonance transitions of atomic internal statesh&Ve been investigating this kind of reso-
nance, with an aim of developing a new type of atom manipatiechnique useful especially near
surfaces. The experimental system we have used so far isg®b eanfined in a thin cell to which a
spatially periodic magnetic field is applied with an arrayafallel current-carrying wires. Magnetic
resonance transitions were induced by atomic motion throlig periodic field, providing resonance
spectra similar to ones obtained with the standard magnesiznance technigtie Resonances in-
duced by the combination of atomic motion and the temporaillaton of the periodic field were
also studietl

The above “prototype” experiments in a relatively simpleipausing the thin cell of Rb vapor are now
followed by ongoing experiments in more elaborate setupgf@stigating the change of the atomic
momentum associated with the internal transition. Welladied atomic beams in a vacuum, such
as an atomic fountain of laser cooled atoms, interact witlerse types of periodic magnetic struc-
tures, for example, a stack of arrays of parallel currentygag wires and a periodically magnetized
transparent film enabling optical control of atoms as wediséhance peaks much sharper than in the
cell experiment have been obtained.

1D. Farias and K.-H. Rieder, Rep. Prog. Ph§%.1575 (1998).

2E. A. Hinds and I. G. Hughes, J. Phys32, R119 (1999).

SA. Hatakeyama, Y. Enomoto, K. Komaki and Y. Yamazaki, Phyas.Rett. 95, 253003 (2005).
4A. Hatakeyama, submitted to Appl. Phys. B.
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Dressed Atom Formation by Periodic Crystal Fields

Y. Nakand, T. Azumd, A. Hatakeyam?, Y. Naka?, C. Kondd, K. Komaki*®, Y. Yamazakt®,
E. Takad4, T. Murakamf

! Department of Physics, Tokyo Metropolitan University,yfigklapan
2Department of Applied Physics, Tokyo Univ. of Agricultunel Zechnology, Tokyo, Japan
®Radioactive Isotope Physics Laboratory, RIKEN Nishinat€g$Saitama, Japan
“Graduate School of Arts and Sciences, University of Tokykyd, Japan

5 Atomic Physics Laboratory, RIKEN, Saitama, Japan
SNational Institute of Radiological Sciences, Chiba, Japan

We investigated the coherent control of a quantum system jpgriadic crystal field instead of a
laser field. When fast ions propagate though a crystal, thpgreence a temporally-oscillating field
originated from the periodic crystalline structure. Asis tase for the photon irradiation, the crystal
field induces the electronic transition of the ions at th@mest frequency. This unique process is
called Okorokov effect or resonant coherent excitation ERCSince the oscillating field consists
of numerous frequency components, a double resonance cagalized by adopting two of them
simultaneously to the resonance. In three-dimensional BDERCEY, two frequency components
can be scanned independently by the tilt angles of the ¢rystad ¢ with respect to the ion velocity.
We performed the two-color experiments on the three-lavgystem of helium-like A¥** ions. One
frequency coupled s2p(2'P)-152s(2'S) and the other probets?(1'S)-1s2p(2'P) as illustrated in
Fig. 1(a). In the present configuratidn,' S)-|2'P) and|2'P)-|2'S) are the electric dipole transition
in the x-ray and vacuum ultra violet (VUV) energy region,pestively. Figure 1(b) shows the yields
of x-ray emission from the AF™ ions to the horizontal and vertical directions which accampthe
radiative decay of the probed states. In the horizontattoe, we observed a well resolved doublet
around the transition energy pif' S)-|2'P) (3139.56 eV). This doublet is well-known as the Autler-
Townes doublet which proves the strong, coherent intemadiietween the ions and the coupling
field. Furthermore, we obtained a singlet peak in the vdrticaction because the coupling field in
the present experiment was linearly polarized in the vartirection. Our result demonstrated that
the internal state of traveling ions are coherently cotetbby the periodic field on its way through
the crystal.
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1C Kondoet al., Phys. Rev. Lett97, 135503 (2006)
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Negative Refractive Index Without Absorption

R. M. Rajapaksg S. F. Yelirnt?

! Department of Physics, University of Connecticut, Sta®,06269, USA
2ITAMP, Harvard-Smithsonian Center for Astrophysics, Cedye, MA 02138

we suggest a modified level scheme of excitons or polar migsda study negative refractive index
without absorption. We use quantum interference effecssippress absorption and introduce chiral-
ity, and attempt to find optimal densities of media that willegus negative refractive index without
absorption.
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Decoherence in molecular wave packet through
sub-Planck scale structure

S. Ghosh, U. Roy, D. Vitali

Dipartimento di Fisica, Universita di Camerino, 1-62032@erino, Italy

A phase space structure associated with sub-Planck 6eatef) can exist in non-local quantum
superposition or Schrodinger cat states. Zbrgthowed that appropriate superpositions of some of
these states can lead to sub-Planck scale structures ia ppase. These structures are very sensi-
tive to decoherence. A cavity QED realization involving thesoscopic superposition the so-called
“compass states” has already giverThey have been also analyzed in the Kirkwood-Rihaczek rep-
resentatior? and in the form of entangled cat stattsRecently, the existence of those structures
have been found in the time evolution of molecular wave packe Here, we study the effect of
the decoherence due to the coupling with vibrational levelshese sub-Planck scale structures in
molecular wave packets. The time evolution of these wavkeiads investigated under the influence
of an environment modeled, as usual, by a set of harmonidatecs. We shall determine the mas-
ter equation describing the reduced dynamics of the wackgband analyze the robustness of the
sub-Planck structures against decoherence.

1W.H. Zurek, Nature (Londord12 712 (2001)

2G.S. Agarwal and P.K. Pathak, Phys. Rev7® 053813 (2004)

3J. Banerji, Contemporary Physid8, 157 (2007)

4Jitesh R. Bhatt, Prasanta K. Panigrahi and Manan Vyas,jar¥antph/ 0704.2677]
5S. Ghosh, A. Chiruvelli, J. Banerji and P. K. Panigrahi, PHysv. A73, 013411 (2006)
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W. Guerin, F. Michaud, R. Kaiser

Institut Non Linéaire de Nice, CNRS and Université de Mophia-Antipolis,
1361, route des Lucioles, 06560 Valbonne, France

Since the Letokhov's seminal paperandom lasers have received increasing interest in thie pas
decade. Random lasing occurs when the optical feedbackadowultiple scattering in the gain
medium itself is sufficiently strong to reach the lasing sim@d. So far, it has been observed in a
variety of systents but many open questions remain to be investigated, forlwiwdter characterized
samples would be highly valuable. A cloud of cold atoms cquiovide a promising alternative
medium to study random lasing, allowing for a detailed ustiarding of the microscopic phenomena
and a precise control on essential parameters such ad@adeitsity and scattering cross-section. We
report our progress towards this goal.

As a first step, we have used a standard cavity to trigger lasaHlation with a magneto-optical
trap (MOT) of rubidium 85 as gain medium. We present the zadithn of such a cold-atom laser,
that we demonstrated with three different gain mechanisiegending on the pumping scheme. By
pumping near resonance, Mollow giiis the dominant process and gives rise to a laser emission
whose spectrum is large (of the order of the atomic natunallidth), whereas by pumping further
from resonance, Raman gain between Zeeman sublevels psdweeaker, spectrally sharper 14ser
At last, by using two counter-propagating pump beams, dagés four-wave mixing (FWM) gen-
erates a laser with a power up 360 ©W. We have studied the main properties of these different
lasers. Mollow and Raman gains seem promising mechanisms for thels@f random lasing in
cold atoms, because they can produce high gain at frequéghbylysdetuned from the pump, allow-
ing to distinguish between stimulated photons from therlazede and elastically scattered photons
from the pump beam. The FWM laser could find application ireoffelds, such as quantum optics,
by making use of the correlation between the phase-corgdgaaves.

As strong pumping reduces the atomic scattering crosgsecbmbining these gains with multiple
scattering is a challenging problem. An independent meastithe scattering rate in presence of
pumping should allow to evaluate the threshold of randorim¢gsvhich in our case will be a critical
(on-resonance) optical depth for the cold atom cloud. Wentgpe status of our current investigation
on this question. Preliminary theoretical evaluation Withllow gain seems to indicate that an optical
depth of the order of00 might be enough, which is reachable with the current sthteesart laser-
cooling techniques.
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Laser Spectroscopy of Scandium Isotopes and Isomers

Yu. P. Gangrsky, K. P. Marinova, S.G. Zemlyandi, M. Avgoule&, J. Billoweg, P. Campbefi,
B. Cheat, B. Tordoff’, M. Bissef, D. H. Forest, M. Gardnet, G. Tungat, J. Huikarf,
H. Penttil&, J. Aysto*

LFLNR Joint Institute for Nuclear Research, 141980 Dubnasétw Region, Russia
2Shuster Building, University of Manchester, ManchesteBMIEL, UK
3School of Physics and Astronomy, University of BirminghBfr§ 27T, UK
4Accelerator Laboratory, University of Jyvaskyla SF-&15 Finland

Collinear laser spectroscopy experiments on the Scll itians3d4s®D,; — 3d4p3F; at A ~
363.1 nm were performed on tH& %S¢ isotopic chain using an ion guide isotope separator with a
cooler-buncher. The hyperfine structures and isotopesstiifive scandium isotopes (Z = 21) in the
mass region2 < A < 46, with isomeric states ifi**> S¢, have been measuréd.

Radioactive isotopes were produced in a fusion ion guideragiating a'® Sc target in reactions of
the type (d,p), (p,pxn), (p’,pusing 15 MeV deuterons and 25-48 MeV protons at 3+AOLaser light
was provided by a frequency-doubled Spectra-Physics 38@Dager locked to a chosen molecular
iodine absorption line.

The limits of possible variation of the mean squared chasagh in the scandium isotopic chains
were deduced from measured isotope and isomer shifts. Eattidied isotopes of the odd-Z ele-
ment Scandium the magnetic dipole and electric quadrupgderfine coefficients A and B of both
lower, 3d4s’ Dy, and upper, 3d4pFs, states are obtained from the hyperfine structures usiyig a
minimization fitting procedure. The results obtained frovese data for the magnetic dipole and elec-
tric quadrupole moments df44:44m:16 ¢ isotopes are in good agreement with those summarised
by Stone® but has better accuracy. The nuclear momeufts™ Sc) and Qs(**™Sc) are deduced
for the first time. The unusually large quadrupole momentefisomeric state df° Sc is the most
striking feature of the present data.
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