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Multi-configuration Dirac-Fock Calculations for Atomic
Structures of Ca’

Shao-Hao Chen Bo Qing', Xiang Gag, Jia-Ming Li"2

!Key Laboratory of Atomic and Molecular Nanosciences of Edioa Ministry,
Department of Physics, Tsinghua University, Beijing 100@hina
2Department of Physics, Shanghai Jiaotong University, §han200240, China

The metastablad 2D3/2,5/2 states of Ca are interesting in various experimental fields

such as optical frequency standatggjuantum information scieng and astrophysi¢s.
Ca' is also a challenging system for the calculations of atomniccture, due to the effects
of d orbitals and strong core-valence correlation efféctRecently, a lot of experimentaf!
and theoreticdl'”! research works have been done for the Iifetime&dﬁD3/2,5/2 states
of Car’.

In this letter, we calculated ttl 2Dy 5 5 anddp 2Py /5 3/» energy levels of C&, us-
ing multi-configuration Dirac-Fock (MCDF) method with theei interactions and quan-
tum electrodynamics corrections. Based on multi-confiiomeself-consistent field (MC-
SCF) calculation strategi€s we optimized a set of high-quality orbital basis. Owing to
the feature ofi orbital in Ca", the obitals with approximate equal effective quantum num-
berv = n — u are defined as a layer, e.ds, 3d and4p constitute ther = 2 layer. In
order to consider the core-valence correlation, the cordigans created by single exci-
tations respectively from corgp® and valencets' are included. In order to consider the
monopole, dipole and quadrupole excitation correlatiari®umly, the4 f and5g orbitals
are included when optimizing the= 2 layer. Then the obital basis is extended by single
configuration optimization to = 7 layer. The configurations created by single excitation
from deeper corés? are also included in the configuration interaction caldofet. Fi-
nally, we obtained a uniform convergence for the energyl$evighe percentage differences
between our calculated energy levels and available expetahresults are approximate
1% for?Dy ;5 55 and 0.1% foP Py /5 5.

It is anticipated that all of the E1, E2 and M1 radiation tiios rates between the
states of S /2, 2 D32 5/2 and? P, /5 5o, as well as the lifetimes 6D /5 5 > and? P, /5 5»
states, can be calculated in high precision based on the M@a[Culation strategies pre-
sented in this letter.
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Isotope shift in the electron affinity of sulfur: observation
and theory

M. Godefroid, T. Caretté, C. Drad, C. Blondef, C. Delsart, C. Froese Fisch&rO. Scharf

!Service de Chimie Quantique et Photophysique, Univelrdite de Bruxelles
B 1050 Brussels, Belgium
2Laboratoire Aimé-Cotton, CNRS, Université Paris-suéd 05 ORSAY cedex, France
3Department of Electrical Engineering and Computer ScieBax 1679B, Vanderbilt University,
Nashville TN 37235, USA

Photodetachment microscdpwas performed on a beam of Qjenerated by a hot cathode dis-
charge in a mixture of 98% Ar and 2% gSwith the sulfur isotopes in natural abundances. Isotope
34 was selected by a Wien velocity filter. Laser excitatios wavided by a CW ring laser operating
with the Rhodamine 590 dye. The laser wave-number was nmeghéyranAngstromWs-U lamb-
dameter, with an accuracy better than#@m~!. Subtracting the photoelectron energy found by
analysing the electron interferogram from the photon gnenge can determine the electron affinity
°A. The result forrA(*'S) is 16 752.978(10) cm', to be compared to the previously measéred
cA(328)=16 752.976(4) cm*. Technical correlations between the two measurementthieisotope
shift Ac.p, = “A(®*S) — “A(*2S) be a little more accurate than the more imprecise electfom af
ity. Numerically A, = +0.002(8) cm™!, in wich the (2) error bars leave room for a normal or
anomalous result.

Ab initio calculations of the isotope shift on the electronraffi from the infinite-mass systems
S~ /S were carried out, adopting the multiconfiguration HatFeck (MCHF) approach using the
ATSP2K packagé Our model includes in a systematic way valence correlatiotiting the core
to the n=2 shell. The one-electron orbitals are optimizédgusingle- and double- multi-reference
expansions. Configuration-iteraction (Cl) calculatiansuiding up to 6L0° configuration state func-
tions were performed in order to complete the convergentterpa of the S energy, resulting in
a unextrapolatedon-relativistic electron affinity of A(*°S) = 16 987(44)cm™'. The theoretical
isotope shift valueA i,cor = “A(1S) — A(*2S) = —0.0022(2)cm~! is found to be rather small
but definitely negative. The analysis of the various contidns reveals a very large specific mass
shift that counterbalances the normal mass shift, whilgtsdtive field shift is smaller than the total
mass contribution by one order of magnitude.

1C. Blondel, C. Delsart, and F. Dulieu, Phys. Rev. [7t(1996) 3755.

2C. Blondel, W. Chaibi, C. Delsart, C. Drag, F. Goldfarb, ancK&ger, Eur. Phys. J. 33 (2005) 335 ;
C. Blondel, W. Chaibi, C. Delsart, and C. Drag, J. Phys. B:M@l. Opt. Phys.39 (2006) 1409.

3C. Froese Fischer, G. Tachiev, G. Gaigalas, and M. R. Gadefemmp. Phys. Coml76(2007)559.
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On the Importance of an Electric Octupole Contribution
to the Radiative Decay of Two Metastable States in Ar

P. Quinet-?, E. Biemont2, V. Fivet, P. Palmeti, J. Gurel?, P. Lundir?, S. Mannervik,
L.-O. Norlin*, P. Royeri

! Astrophysique et Spectroscopie, Université de Mons-ddajrB-7000 Mons, Belgium
2IPNAS, Université de Liége, B-4000 Liege, Belgium
3Department of Physics, Stockholm University, SE-1069dkB8tdm, Sweden
“Department of Physics, Royal Institute of Technology, 8891 Stockholm, Sweden

Most singly charged ions have metastable states that carvéisy long (lifetimes of the order of
seconds or even more). Such levels usually decay to the drstate by magnetic dipole (M1) or
electric quadrupole (E2) transitions (denoted 'forbidtlamsitions’). These second order transitions
are generally 10-10° times weaker than allowed electric dipole (E1) transitiddigher order tran-
sitions, i.e. magnetic quadrupole (M2) or electric octep@3) contributions to the decay channels,
are generally several orders of magnitude weaker and in cassts negligible.

In the present study, we were interested in the decay piepest the 383p"('D)3d *Gy/2.9/2
levels in Art. These metastable states can decay to lower energy leveiie shme configuration
and of the 3%3p*4s configuration via M1 and E2 transitions. More interedfinthey can also be
connected to the ground term?3p° 2P° through higher order transitions, primarily by E3 transi-
tions. These transitions are expected to appear in the Udndground 65 nm) and the transition
probabilities are likely to be enhanced by a strong waveleeffect like the ones observed in Kr
11 and Xe IP. Contrary to these last two cases however, the M2 decay ehanforbidden by the
LS selection rules while the E3 transitions are allowed. Thedrtance of a weak E3 transition has
previously been reported for YB®lI

Using the CRYRING ion storage ring of Stockhdina laser probing investigation has yielded
the lifetimes of the 38p*('D)3d °Gy,»,9,» Metastable doublet of Ar. The results are 3.8 0.4
and 2.1+ 0.1 s, respectively. Comparisons with theoretical valwdsutated with two independent
approaches, i.e. the pseudo-relativistic Hartree-Fodkateand the multiconfiguration Breit-Pauli
approach, have allowed us to establish the unexpected arabeknary strong contribution of the
E3 transition to the ground state, in addition to the M1 dezfagnnels to the 3&*F states and the
E2 contributions to the 4%P, %D states. It should be emphasized that this E3 transitidnei$astest
one (of the order of a tenth of a§) ever observed in an experiment. This new result has just bee
published in PRE.

1E. Biemont, A. Derkatch, P. Lundin, S. Mannervik, L.-O. Nior D. Rostohar, P. Royen, P. Palmeri and
P. Schef, Phys. Rev. Le®®3, 063003 (2004)

2p, Schef, P. Lundin, E. Biemont, A. Kallberg, L.-O. Notli2 Palmeri, P. Royen, A. Simonsson and S. Man-
nervik, Phys. Rev. A2, 020501 (2005)

SE. Biemont and P. Quinet, Phys. Rev. L&, 3345 (1998)

4S. Mannervik, Phys. Scif105, 67 (2003)

5P, Lundin, J. Gurell, L.-O. Norlin, P. Royen, S. Mannervik,FRlmeri, P. Quinet, V. Fivet and E. Biémont,
Phys. Rev. Lett99, 213001 (2007)
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Atomic Data for Heavy Atoms and lons (74 Z <86) : A
Progress Report

P. Quinet-2, P. Palmei, V. Fivet', E. Biemont-?

! Astrophysique et Spectroscopie, Université de Mons-ddajrB-7000 Mons, Belgium
2IPNAS, Université de Ligége, B-4000, Liége, Belgium

Our knowledge of the atomic and ionic spectra of the sixth etements of the periodic table, from
Z=72 10 Z=86, is still very poor due to the fragmentory laboratorylgse@s on the one hand and to
the complexity of the electronic configurations of the typ&*8dY nin’l’ (N=2-10,nl,n'l'=6s, 6p,
6d, ...) on the other hand.

The aim of the present work is to provide new radiative datavelengths, energy levels, os-
cillator strengths, radiative lifetimes) as accurate assfibe for neutral and lowly ionized platinum
group elements. Calculations of atomic structures andtispecsuch species are frequently the only
way to obtain a large amount of atomic data required by th@plsysicists, particularly for the in-
terpretation of the spectra of chemically peculiar stars fam the study of stellar abundances and
nucleosynthesis. Spectroscopic data for some of theseeaterare also strongly needed for research
oriented toward controlled thermonuclear fusion. In aittr, radiative properties of tungsten ions
are important in connection with the use of this element sid reactors.

Such atomic structure calculations, extremely complerdrte be tested by comparisons with
experiment in order to deduce some informations about fireiictive power. For that reason, we
have systematically compared the results obtained witltmaretical models, i.e. the Hartree-Fock
approach including configuration interactions, relatiieffects and core-polarization correctiorfs
with new lifetime measurements carried out using the tiseoived laser-induced fluorescence tech-
nique developed at the Lund Laser Centre by Prof. Svanbetgiargroup.

By combining experimental radiative lifetimes and theimatbranching fractions, we have been
able to determine many new oscillator strengths and tiangirobabilities. The results obtained so
far concern the following ions : Ta I4=73), W I, W Il (Z=74), Re |, Re Il £=75), Os I, Os Il
(Z=76), Ir 1, Ir 1 (Z=77), Pt1l (Z=78), Au |, Au ll, Au lll (Z=79), TI | (Z=81) , Pb Il (Z=82) and Bi
Il (Z=83). These results will be stored in the database DESIREEapak on Sixth Row Elements)
on a website of the University of Mons-Hainadt

1R.D. Cowan The Theory of Atomic Structure and Spegctsaiversity of California Press, Berkeley (1981)

2P, Quinet, P. Palmeri, E. Biémont, M.M. McCurdy, G. Rieg&rH. Pinnington, M.E. Wickliffe and
J.E. Lawler, Mon. Not. R. Astron. So807, 934 (1999)

3V. Fivet, P. Quinet, P. Palmeri, E. Biemont and H.L. Xu, BEISpectrosc. Rel. Pheh56—158 250 (2007)

“http:\ \www.umh.ac.bg~astrd desire.shtml
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Theoretical Analysis of Precision Calculation of
Helium-like Excited Energy Levels
Xiang Gad, Shao-Hao Chen Bo Qing?, Jia-Ming Li'2

! Department of Physics, Shanghai Jiao Tong University, §hain200240, China
2Key Laboratory of Atomic and Molecular Nanosciences of Btion Ministry, Department of
Physics, Tsinghua University, Beijing 100084, China

An atomic system with two electrons is a simple nontriviahydody system. Many theoreti¢el>.
and experiment&t® works have been done for excited energy levels of the systenthe low Z ions,
both theoretical and experimental studies have achievedyahgh precision. However, for the high
Z ions, the experimental measuremértiave very large uncertainties while the theoretical calcul
tions may have not considered adequate electron cornesatiprelativistic and QED effects 3.

In this letter, we analyze our multi-configuration Diracek@MCDF) calculations oR3 Py ; »
and2' P; states along Helium isoelectronic sequehgeantitatively by an effective Hamiltonian(with
approximate physical parameters) which should be validliccaipling schemes. The physical pa-
rameters have their own physical meanings. Our analysidtseshow that, for lower Z ions, the
correlations are the most important effects for the catnaprecision and can be precisely cor-
rected based on our MCDF calculations. The competition eetvBreit and spin-orbit interactions
causes interesting variations®fP, 1 » fine structure orderings However, for high Z ions, Breit in-
teractions which represent the relativistic retardatifiece of electromagnetic interactions and high
order QED corrections are the most important effects forctdeulation precision. Such analysis
results would be useful for further theoretical precisiaicualations as well as experimental studies
for high Z Helium-like ions, such as the storage ring experits.

Our analysis is based on the framework of full relativistiE@theory in the Coulomb gauge.
For the Dirac-Coulomb and Breit interactions of these state use 9 parameters to construct the
effective Hamiltonian, as shown in eq.1. Hetiescales aZ? and is the statistical average of the 4
excitation energies) scaling asZ represents the exchange correlations;scales asZ* and is for
the spin-orbit splittings betweem /» andps/,; d scales asZ and is for relativistic correctiofisof
p1/2 andps /2 andq, g, ¢*, 7", ¢’ scaling asz® are for Breit interactions. Since the high order QED
corrections(Self Energy, Vacuum Polarization, etc.) aaéniy for single electron, we use one QED
parameter for each energy level. The high order QEDs in tbikwre taken from Drakes resuits
the same way as Johnson did he high order QED corrections mainly scaleZs

When Z is low, our correlation corrected excitation enesgigree with NISTSwithin 1cm™!;
when Z is very high, eg, ¥, the correlation effect is nearly a hundredth of Breit iat¢ions and
high order QED effects. Therefore for high Z ions, the Brai &igh order QED effects are the most
important. Breit interactions can be treated well in our ME&alculations but further efforts should
be made in the high order QED calculations.

Li-5b/12+8 ,12~d +q° V2b/3 +q°

4 O g DHm=avbiavs 12-d +q
1= = an
g

H -
V2b13+q° a=b/12-8 ,+d +7'F H=a+bl4=8 ,+d +q

U]

1G. W. F. Drake, Can. J. Phys. 66, 586 (1988).

2D. R. Plante, W. R. Johnson, and J. Sapirstein, Phys. Rev, 3549 (1994).

3Bo Qing, Shaohao Chen, Xiang Gao and Jiaming Li, Chin. Phgt.,125, 2448(2008).

4E. G. Meyers, Lecture Notes in Physics(2001) pp.179-208n§er Berlin/Heidelberg.

5J. P. Briand, P. Chevallier, P. Indelicato, K. P. Ziock, andDDDietrich, Phys. Rev. Lett. 65, 2761 (1990).
6Xiaolu Wang, Lingtao Liu, Xiang Gao, Chun Shen and Jiamingsubmitted to J. Phys. B.

’NIST Atomic Spectra Database Levels Form (http://physissgov/PhysRefData/ASD/leveferm.html).
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High-Resolution Laser Spectroscopy of a Bose Einstein
Condensate Using the Ultranarrow Magnetic Quadrupole
Transition

A. Yamaguchi-2, S. Uetaké, S. Katd, H. Ito?, Y. Takahashi®

!Department of Physics, Graduate School of Science, Kyobeetsity, Kyoto, Japan
ZNational Institute of Information and Communications Tealogy, Tokyo, Japan
3CREST, Japan Science and Technology Agency, Saitama, Japan

The study of laser-cooled two-electron atoms is one of thetrimteresting research fields in
atomic physics. In particular, the unique characteristicthe metastabléP, state of two-electron
atoms have recently attracted attention both for theirieapbns and study of their intrinsic charac-
teristics.

We report the successful observation of the ultranarrownetig quadrupolé So«—* P, transi-
tion in Ytterbium (Yb) (Fig. 1). We first developed a novel 50 laser source. By tightly locking
the laser frequency to a high-finesse external optical gawié stabilized the laser frequency and
reduced the linewidth to less than 1 kHzUsing this laser source, we observed tl§g—2 P, transi-
tion in Yb bosonic {"*Yb) and fermionic "' Yb, }"2Yb) isotopes. High-resolution spectroscopy of
ultracold atoms and a BEC was performed using this ultramatransition. The transition from the
Doppler-broadened spectra of thermal atoms to the asyritnspgctra reflecting the inhomogeneous
density distribution of BEC in a harmonic trap has been ss&fedly observed (Fig. 1).

We acknowledge Y. Li and M. Hosokawa for their experimensalistances.

1P1

Normalized lineshape (a.u.)

M2 transition ( 507 nm )
Linewidth ~ 10mHz (Boson)
20mHz (Fermion) 60 . 40

" o 0w w
0 Frequency (kHz)
Figure 1:(Left) Relevant energy levels for Ytterbium. (Right) Obeérspectra of théSy,—3 P»
(m = 0) transition in ultracold' ™ Yb atoms and a BEC. A sudden change of the spectrum below th
BEC transition is due to the large mean field energy of a BEC.

1A. Yamaguchi, S. Uetake, Y. Takahashi, Appl. Phy9B57 (2008).
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High efficiency frequency upconversion in rubidium vapor

A. Vernier', S. Clark, S. Franke-Arnold, E. Rii$, A. S. Arnold®

LSUPA, Dept. of Physics and Astronomy, University of Glas@asgow G12 8QQ, UK
2SUPA, Dept. of Physics, University of Strathclyde, GlasGaWONG, UK

A two-photon near resonant excitation of the Rubidium; a0evel with 780nm and 776nm pump
beams (Fig. 1) leads to the generation of a coherent bea0afm blue light via four-wave mixing
due to the strong dipole moment of theem channel. We have recently obtained more thamV

of coherent blue light, exceeding powers in previous expenit$'? by a factor of 20 for comparable
input powers. We investigate the optimum conditions forgeeeration of the blue light, and observe
that blue power linearly increases witiié nm power.

5.3um 5D,

776nm

_581/2

Figure 1:Rubidium level scheme relevant for blue-light generation.

1A. S. Zibrov, M. D. Lukin, L. Hollberg and M. O. Scully, PhyseR A 65, 051801(R) (2002).
2T. Meijer, J. D. White, B. Smeets, M. Jeppesen, and R. E. SatoDpt. Lett31, 1002 (2006).
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Two photon spectroscopy in atomic hydrogen at 205 nm
using a picosecond laser

E. Peter$, S. Reinhardt, S. Diddamé, Th. Udent, T. W. Hansch

Max-Planck-Institut fur Quantenoptik, Garching, Germngan
2National Institute of Standards and Technology, Bould&AU

Atomic hydrogen is the simplest atomic system containing jproton and one electron. The dipole
forbidden 1s-2s transition in Hydrogen with a natural lifetév of 1.3 Hz in combination with
Doppler-free two photon spectroscopy acts since decadesnamark for Quantum electrodynamic
calculations. For example the Lamb shift measurementseof $tstate started with a relative uncer-
tainty of 9 x 1072 in 1975 and reached a level @7 x 10~ in the latest experimenfs

To improve the accuracy of the 1s Lamb shift and also of thed@gglconstant a measurement of
the 1s-3s transition frequency is prepared. For the twogshspectroscopy a wavelength of 205 nm
is neccessary, which is produced by two successive secomubhc generations. Using mode locked
lasers and resonant second harmonic generation makesrthergion more efficient. As proposed
in 19772 a mode locked laser with narrow pulses and its regular moeetispn can also be a good
tool for first order Doppler-free two photon spectroscoplie Trequency modes of the laser adds up
in such a way that the linewidth of the resonance is deteminyethe width of a single mode and not
by the pulse duration and the resonance intensity correlsporthe average laser power.

In the presented experiment a commercial picosecond TaSer loperating at 820 nm is res-
onantly frequency doubled to 410 nm and in second enhanderagity the 205 nm is produced.
Starting with 1.6 W at 820 nm an output power of 40 mW at 205 nactievable'. The UV light is
further enhanced in linear cavity, designed in such a watytétacounterpropagating pulses overlap
in the middle of the cavity, where the hydrogen beam crossesaser beam. The atomic hydrogen
beam is produced by a rf-discharge and cooled down to ligeliditm temperature to reduce transit
time broadening. The excited atoms can decay over the 3s2gition at 656 nm that is detected by
a photomultiplier.

In the presentation an overview of the setup and the curtetitssis given.

1T. W. Hanschetal., PRL34 307 (1975)

2B. de Beauvoietal., Eur. Phys. J. [1261-93 (2000)
3Y. V. Baklanovetal., Appl. Physl297 (1977)

“4E. Petersetal., to be published
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Laser spectroscopy in wall-coated alkali vapour cells

E. Breschi, G. Mileti

Laboratoire Temps-Fréquence, Université de Neuch&eitzerland

In the fifties pioneering work$ demonstrated that coating the walls of a glass cell with ehem
ically inert substances reduce the relaxation of the atquuolarization improving the resolution in
high precision spectroscopy and metrology. Recently therést in wall-coated cells is growing
again because coated cells represent a good candidatdize hegh-performance or micro-quantum
sensors.

In this communication we report on our preliminary resuittaiser spectroscopy in paraffin wall-
coated Rb vapour cells. In particular we discuss some gu@lit of the cell based on absorption
spectroscopy and our experiments on hyperfine Coherent&impLiTrapping spectroscopy.

During the experiments, the cell is placed inside both aive@nd passive magnetic shields
(shielding factor< 10~%) and a solenoid is used to apply a longitudinal magnetic fielthe atomic
sample. In the absorption spectroscopy experiments weingle-$requency diode laser and for the
CPT experiments the diode laser is modulated through artrBi@ptical Modulator for obtaining
the two coherent frequencies necessary to pump the atoma aurk state.

We are investigating on the possibility to exploit the degmnte of the absorption spectrum on
the excitation time for first evaluation of the coating gtyaliThe simplicity of this approach from
both theoretical and experimental point of view makes ieri@sting. On the other hand absorption
spectroscopy is a relatively low sensitivity techniqueiling the information we can get from it.
In view of future application in CPT-based atomic clocks, adelress our attention to the study of
hyperfine ground state coherence relaxation, that has hetesystematically studied much so far.
Here we discuss the CPT signal linewidth and amplitude ddipgron some relevant experimental
parameters, as the intensity and the linewidth of the lem®d, the cell volume. The results are
compared with data on Zeeman relaxation obtained in DROMigaration®.

We thank A. Weis and N. Castagna for the joint DROM measurésrard our colleagues of LTF
for the useful discussion. This work is supported by the Aggmn Suisse pour la Recherche Hor-
logére (ASRH), by Swiss National Science Foundation oi200020-105624) and by the INTAS-
CNES (project 06-1000024-9321).

1H. Robinson, E. Ensberg and H. Dehmelt, Bull. Am. Phys. Sp8(1958)
2D. Budker, L. Hollberg, D. F. Kimballet al. Phys. Rev. A71, 012903 (2005)
3G. Alzetta, G. Gozzini, L. Moi, G. Orriols, Nuovo Cimento3 (1976)

4A. Weis, G. Bison, A. S. Pazgalev, Phys. Rev7A033401 (2006)
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A high-power, Fourier-transform limited light source for
precision spectroscopy in the XUV

K. G. H. Baldwin', Mitsuhiko Kond, Richard T. Whité,
Yabai He, Brian J. Orf, E. E. Eylef

'Research School of Physical Sciences and Engineering, T$teaian National University,
Canberra, ACT 0200, Australia
2MQ Photonics Research Centre, Macquarie University, Sydd8W 2109, Australia
3Department of Physics, University of Connecticut, StaB¥,06269, USA

High-resolution laser spectroscopy in the XUV requirespd| tunable light sources with high peak
powers and narrow optical bandwidths for nonlinear-optigaconversion to generate the required
wavelengths. For instance, thé S «— 115 two-photon absorption transition of helium (He) has
been measured with narrowband 120-nm radiation generatguilbed dye amplification of a cw
tunable Ti:sapphire laser, followed by nonlinear-optigatonversiort.

However, the precision of these VUV spectroscopic studias hmited by degradation of near-
infrared optical bandwidth arising from the pulsed dye dfiggition processes.This arose from
shot-to-shot fluctuations in the frequency of the laser @uésg., due to thermal lensing and dye
flow inhomogeneities), as well as frequency chirping atitidble to the changes in the population
inversion of the dye during the pulse.

To circumvent such bandwidth limitations, we employ a hggrformance injection-seeded op-
tical parametric oscillator (OPQO) based on periodicallyedoKTiOPQ, (PPKTP) and generating
narrowband tunable light pulses &840 nm with <5 1.J energy-® Population inversion cannot
contribute to frequency chirping in this nonlinear-optiapproach, which yields well-characterized
shot-to-shot frequency stability. Our next step is to afgplie OPO output prior to nonlinear-optical
upconversion from-840 nm to~210 nm and, ultimately, te-120 nm.

With the Ti:sapphire-amplified SLM pulsed OPO output&40 nm fully characterized, we aim
to upconvert it to~210 nm by successive second-harmonic-generation stages test the outcome
by recording sub-Doppler two-photon laser-induced flucease spectra of krypton (Kr) excited to
its 5p[1/2] state (at~212.6 nm) and/or of nitrogen @) excited to itsE *X} state (at~209 nm).
Spectroscopic performance tests are considered crusiial car previous work on sub-Doppler two-
photon spectra of cesium (Cs)a822 nm?

1S. D. Bergeson, A. Balakrishnan, K. G. H. Baldwin, T. B. Lug&t, J. P. Marangos, T. J. Mcllrath, T. R.
O'Brian, S. L. Rolston, C. J. Sansonetti, J. Wen, N. Westhr@ H. Cheng, and E. E. Eyler, Phys. Rev. Lett.
80, 3475-3478 (1998); S. D. Bergeson, K. G. H. Baldwin, T. B. &fecto, T. J. Mcllrath, C. H. Cheng, and E. E.
Eyler, JOSA B17, 1599-1606 (2000).

2R. T. White, Y. He, B. J. Orr, M. Kono, and K. G. H. Baldwin, Opiett. 28, 1248-1250 (2003); JOSA B1,
1577-1585 (2004); JOSA B1, 1586 - 1594 (2004); Opt. Expre&g, 5655-5660 (2004); JOSA B 24, 2601-2609
(2007).

3M. Kono, K. G. H. Baldwin, Y. He, R. T. White, and B. J. Orr, Opett. 30, 3413-3415 (2005); JOSA B3,
1181-1189 (2006).
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Large scale CIV3 calculations of fine-structure energy
levels and lifetimes in Co XV

G. P. Gupta, A. Z. Msezané

! Department of Physics, S. D. (Postgraduate) College, Mazsgar - 251 001, (Affiliated to
Chowdhary Charan Singh University, Meerut - 250 004), INDIA
2Department of Physics and Center for Theoretical Studi¢zhgsical Systems, Clark Atlanta
University, Atlanta, Georgia 30314, USA

We have performed large scale CIV3 calculations of excite¢inergies from ground states for 98
fine-structure levels as well as of oscillator strengthsraihtive decay rates for all electric-dipole-
allowed and intercombination transitions among the fimeestire levels of the terms belonging to
the (15%2s%2p%)3s%3p, 3s3p?, 3523d, 3p®, 3s3p3d, 3p?3d, 3s3d°, 3p3d?, 3s°4s, 3s%4p, 35°4d,
3s%4f, and3s3p4s configurations of Al-like Cobalt, using very extensive cgufiation-interaction
(CI) wave functions. The important relativistic effects in intermediate canglare incorporated by
means of the Breit-Pauli Hamiltonian which consists of the-relativistic term plus the one-body
mass correction, Darwin term, and spin-orbit, spin-otrit, and spin-spin operat&rsThe errors,
which often occur with sophisticatexd initio atomic structure calculations, are reduced to a manage-
able magnitude by adjusting the diagonal elements of theilttarian matrices. In this calculation
we have investigated the effects of electron correlationswr calculated data, particularly on the
intercombination transitions, by including orbitals witp to n=5 quantum number. We considered
up to three electron excitations from the valence electodise basic configurations and included a
large number of configurations (1164) to ensure convergence

Our calculated excitation energies, including their oirtgrare in excellent agreement with the
experimental resultsand the experimentally compiled energy values of the Natidmstitute for
standards and Technology (NIST) wherever available. Tiégamong several fine-structure levels
is found to be very strong, with most of the strongly mixecelewbelonging to théls*2s%2p°)3p?3d
and3s3d? configurations. In our CIV3 calculation we identify the l&/by their dominant eigenvec-
tor*. The enormous mixing among several fine-structure levekesia very difficult to identify them
uniquely. Perhaps, this may be the reason that no exper@siults are available for these levels.
Our very extensive calculations may assist the experintiststén identifying these fine-structure lev-
els. From our transition probabilities, we have also caltad radiative lifetimes of the fine-structure
levels in Co XV. Our calculated lifetime for the levak3p®(* Py 5) is in excellent agreement with
the experimental value compared to other sophisticatearetieal result. We predict new data for
several levels where no other theoretical and/or expetiahessults are available.

1A. Hibbert, Comput. Phys. Commu8, 141 (1975)

2R. Glass, A. Hibbert, Comput. Phys. Commus, 19 (1978)

3T. Shirai et al., J. Phys. Chem. Ref. Da&th 23 (1992)

4G. P. Gupta, K. M. Aggarwal, A. Z. Msezane, Phys. R&V0, 036501 (2004); G. P. Gupta, A. Z. Msezane,
Phys. Scr76, 225 (2007)
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Fine-structure energy levels and radiative rates for
transitions in Mg-like Copper

Vikas Tayal, G. P. Gupta

Department of Physics, S. D. (Postgraduate) College, Mam&igar - 251 001, (Affiliated to
Chowdhary Charan Singh University, Meerut - 250 004), INDIA

Emission lines of Mg-like ions are observed in a variety das@nd astrophysical plasmas,
and are detected from the UV to the X-ray band. Their emiskims are also widely detected in
the spectra of laboratory plasmas, including tokamaks,aacof particular interest in controlled
thermonuclear fusion, because they help to estimate thgelwss from the impurities of the reactor
walls. Atomic data for parameters such as energy levelsllaisc strengths, radiative decay rates,
and collision strengths are required to interpret the ptasbservations.

We have performed large scale CIV3 calculation of energglteand radiative rates for electric
dipole transitions among the lowest 141 levels of the?2s22p°®)312, 3131' and 314l configurations
of Cu XVIII. These states are represented by very extensivdiguration-interaction (Cl) wave-
functions obtained using the CIV3 computer code of HibbeFhe important relativistic effects are
included through the Breit-Pauli approximatfonin order to keep the calculated energy splittings
close to the experimental values, we have made small adgassnto the diagonal elements of the
Hamiltonian matrices.

Our adjusted excitation energies, including their ordgrare in excellent agreement (better than
1%) with the available experimental resdltsSince mixing among several fine-structure levels is
found to be very strong, it becomes difficult to identify thamiquely. In our CIV3 calculations
we identified these levels by their dominant eigenvéctBrom our transition probabilities, we have
also calculated radiative lifetimes of some fine-structavels. Our calculated oscillator strengths,
radiative decay rates and the lifetimes are found to be i ggveement with the experimental and
other theoretical results (wherever available). We ptetkgv data for several levels where no other
theoretical and/or experimental results are available.

1A. Hibbert, Comput. Phys. Commu8, 141 (1975)

2R. Glass, A. Hibbert, Comput. Phys. Commus, 19 (1978)

3T. Shirai et al., J. Phys. Chem. Ref. D&@ 14 (1991)

4G. P. Gupta, K. M. Aggarwal, A. Z. Msezane, Phys. R&Y0, 036501 (2004); K. M. Aggarwal, Vikas Tayal,
G. P. Gupta, F. P. Keenan, At. Data Nucl. Data TaBg£15 (2007)
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A new method for determining minute long lifetimes of
metastable levels

J. Gurelt, P. Lundirt, S. Mannervik, L.-O. Norlin?, P. Royen

!Department of Physics, Stockholm University, AlbaNovavehsity Center, SE-10691 Stockholm,
Sweden
2Department of Physics, Royal Institute of Technology, Wiba University Center, SE-10691
Stockholm, Sweden

Radiative lifetime measurements of metastable states thes®e performed for many years utilizing
stored ions. When measuring lifetimes of metastable sitagestorage ring the signal may be greatly
enhanced, compared to that from passive observation, byelgcinducing transitions with one or
more lasers. The basic principle of our laser probing tepmihas been to probe the population of
the metastable state as a function of delay time after i@tiign which gives us a population decay
curve, see.g.Ref. [1]. The introduction of lasers also increases the mari possible measurable
lifetime significantly. Currently the longest radiativéelime measured at the storage ring CRYRING
in Stockholm, Sweden, and to the best of our knowledge irag®rings in general, is 89 s in Ball,
see Ref. [2]. For lifetimes longer than this collisional éxtion of stored ground state ions becomes a
problem since after a few seconds of storage the vast magiiihe population of the metastable state
under study will be originating from ions that were in thegnd state when injected into the storage
ring. During the analysis, this contribution is subtractesin the total fluorescence which gives a
low S/N ratio, large uncertainties and eventually limits thaximum possible lifetime measurable.

A new method has therefore been proposed and its advantagesrning more accurate lifetime
determinations of extremely long lived metastable stagrsahstrated, see Ref. [3]. Instead of
monitoring the decay of the population of the metastable s&dative to ion injection the contribution
from collisional excitation is monitored directly. In coast to the metastable state population itself,
the collisional excitation grows stronger with increaseatage time which results in a much higher
S/N ratio at longer storage times and higher residual gaspres and as a consequence the maximum
possible radiative lifetime measurable increases. Tleisrtigue has so far only been applied in two
studies with lifetimes ranging from 16 to 32 s, the %Elg,/g state in Ball, see Ref. [3], and the
b4P5/2 state in Till, submitted to J Phys B. This new technique hasyabbeen pushed to its limit
but lifetimes of a few minutes will most probably be possitdeneasure.

References

[1] P. Lundin, J. Gurell, L.-O. Norlin, P. Royen, S. Mannde\P. Palmeri, P. Quinet,

V. Fivet andE. Biemont PRL99 213001 (2007)

[2] J. Gurell, E. Biemont, K. Blagoev, V. Fivet, P. Lundin, Mannervik, L.-O. Norlin, P. Quinet, D.
Rostohar, P. Royen and P. Schef PR$052506 (2007)

[3] P. Royen, J. Gurell, P. Lundin, L.-O. Norlin and S. MannkiPRA 76 030502(R) (2007)
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Theoretical and Experimental Study of Polarization
Spectroscopy of Rubidium Atoms

Seo Ro Shin, Geol Moon, Heung-Ryoul Noh

Department of Physics and Institute of Opto-Electroni@8ce and Technology, Chonnam National
University, Gwangju 500-757, Korea

We present an experimental and theoretical (numerical aatl/tic) study on polarization spec-
troscopy (PS) of rubidium. The laser-induced birefringemas observed by using linearly polarized
probe beam and circularly polarized pump beam. We perforartbdoretical calculation of PS spec-
tral based on the rate equation model. All the populatiorte®@Mmagnetic sub-levels were calculated
from the rate equations, and used in the calculation of therigation spectra. Using this model, we
could generate theoretical line shapes to make predictibast the general form of the polarization
spectra for theD- transition of Rb atoms. By comparing theoretical and expernital spectra, we
found high agreement in our calculations and experimeratzi'd
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Figure 1:The experimental and calculated PS spectra forftieb atoms and®Rb atoms.
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1H. D. Do, G. Moon, H. R. Noh, “Polarization spectroscopy ofidium atoms: Theory and experiment”,

Phys. Rev. A77, 032513 (2008).
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New data, spin-orbit functions, and potential energy
curves for the A " and b 31, states of Cs and Rb,

H. Salamt, T. Bergemah, A. J. Ros3$, P. Crozet, B. Beset, J. BaF, A. M. Lyyra®,
S. Kotochigova, D. Li*, F. Xie*, L. Li*, O. Duliel

! Department of Physics and Astronomy, SUNY, Stony Brook 1R§4] USA
2Universté Lyon 1, CNRS, LASIM UMR 5579, 69622 Villeurbakrence
3Department of Physics, Temple University, Philadelphi®19122, USA

“Department of Physics, Tsinghua University, Beijing 160@hina

SLaboratoire Aimé Cotton, Université Paris-Sud, 91405& Cedex, France

The lowest alkali dimer excited states,!©F andb ®I1,,, are of particular interest as pathways to
the higher states and in the creation of ultracold moleculé® study of these states for the heavy
molecules as Gsand Rb is relatively complicated due to the large spin-orbit iatgions which mix
their potentials. In this study, new data added to the ajrexibting data have been modeled using
the Discrete Variable Representation (DVR), so as to fitqaeenergy and spin-orbit functions.
With the help of high resolution Fourier spectra measureemgy at Lyon, we have produced and
improved the fit of all available data for the RA ', andb °11,,,,+ states. Vibrational assignments
in the A state are unambiguously established and irbtstate are strongly probable; we have shifted
T. of theb state by+nw. until achieving the best fit. Currently, the rms residual of 6t is 0.07
cm~! while the experimental uncertainty was estimated to be®ddd . The potentials are repre-
sented by the “Hannover” form.

New low resolution data on G$ °TI,,+ states have been obtained in Tsinghua University. Adding
these data to data previously obtained from Lab. Aimé @ostomixedA ~ b state$ 2 has permit-
ted us to characterize the bottom of the potential wells ¢ Iboe A and theb states. Application

of a Morse-Long Range potentidias improved the fit in comparison to the Hannover form uguall
used with DVR method. Currently the rms residual of our fithe hew low resolution data is 1.65
cm~! (~ experimental uncertainty) and 0.08 thto the older Fourier transform spectroscopy data
which has experimental uncertainties of 0.003¢mTo reach the levels observed by photoassoci-
ation of Feshbach resonantewe were forced to extrapolate our potential through a gap&30
cm™ !, which resulted in a degradation of the rms residual to 0.2 ‘criyndoubtedly, additional data
would be useful, both in regions where no levels have yet lbbserved, and where few levels with
dominant triplet character have been identified.

x Work at Stony Brook was supported by NSF grant PHY0652459.
x Work at Temple Univ. was supported by NSF grant PHY0555608.

1J. Vergés and C. Amiot, J. Mol. Spectrod@6, 393 (1987).

2C. Amiot and O. Dulieu, J. Chem. Phykl17, 5515 (2002).

3H. Salami, A. Ross, P. Crozet, W. Jastrzebski, P. KowalcRyk e Roy, J. Chem. Phy426 194313 (2007).
4J. Danzl and H.-C. Nagerl, private communication.
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Laser Spectroscopy of Exotic Helium Isotopes

I. A. Sulai*2, P. Muellet, K. Bailey', M. Bishof2, R. J. Holt, R. V. F. JanssehsZ.-T. Lu>2,
T. P. O'Connot, R. Santr&?, A. C. C. Villari?, J. A. Alcantara-Nunez R. Alves-Cond@,
M. Dubois’, C. Eleori, G. Gauber, N. Lecesn&, M. G. Saint-Laurent J.-C. Thoma,
G. W. F. Draké, Q. Wu#, L.-B. Wang

! Argonne National Laboratory, Argonne, IL 60439, USA
2Department of Physics, University of Chicago, Chicago, 06%7, USA
3GANIL, Caen, Cedex 05 France
4Depar’[ment of Physics, University of Windsor, Windsor,a@inf N9B 3P4, Caen
5Los Alamos National Laboratory, Los Alamos, NM 87545

We have succeeded in laser trapping and cooling of the eletiom isotope$ He (t1/2 = 0.8 sec)
and®He (t, s2 = 0.1 sec), and have performed precision laser spectrosoopgdividual trapped
atoms. Based on the atomic isotope shifts measured alonigdtape chair‘He - “*He - °He -
8He, and on the precise theory of the atomic structure of helihe nuclear charge radii 6He
and®He are determined for the first time in a method independenticiear models. The results are
compared with the values predicted by a number of nucleactsire calculations and test their ability
to characterize these neutron rich, loosely bound halcenuthe®He measuremehtvas performed

at ATLAS of Argonne, and théHe measuremehat GANIL, France.

We also report measurements made Hie where we investigated anomalous strengths of transition
from the metastablg®S to the3*P manifold. We understand this to be a consequence of strong hy-
perfine mixing because the hyperfine structure is of the sader of magnitude as the fine structure
in 3He.

Figure 1:He-6 nuclei are thought to consist of a He-4 inner core and atein"halo” part consisting
of two more neutrons. The isotope shift measurements egddrtare sensitive to the RMS distance
between the alpha particle core and the neutron halo, fohthte-6, and He-8.

This work was supported by the U.S. Department of Energyc®fff Nuclear Physics, under Con-
tract No. DE-AC02-06CH11357.

1L.-B. Wang et. al. Phys. Rev. Le®3, 142501 (2004)
2P, Mueller et. al. Phys. Rev. Le®9,252501 (2007)
3In preparation
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Assignment of the RbCs 211, 2°I1;, and 3% states and
perturbations

Yonghoon Leé, Youngjee YooR"®, Soungyul Leg, Jin-Tae Kint, Bongsoo Kind

! Advanced Photonics Research Institute, Gwangju Instificience and Technology, Gwangju
500-712, Korea
2Department of Chemistry, KAIST, Daejeon 305-701, Korea
3College of Environmental Science and Applied Chemistn2@KKyunghee University,
Kyungki-do 449-701, Korea
“Department of Photonic Engineering, Chosun Universitya@gju 501-759, Korea
5Current address:Memory Division, Samsung Electronics CBD., Banwol-dong, Hwasung-City,
Gyeonggi-do 445-701, Korea

Alkali metal diatomic molecules have been broadly invexted, both experimentally and theoret-
ically, and have attracted much attention from various $ieddch as molecular spectroscopy, pho-
todissociation dynamics, and photoassociation spedpyscParticularly, recent rapid progress in
experiments with ultracold molecules has mainly focusedhenheteronuclear alkali dimers since
they can be applied to qubit generators for quantum comipathtRecently, the low-lying strongly
coupled 11I-2°27-1311 system of heteronuclear alkali dimer RbCs was employed fodycing
ultracold X! ¥ RbCs molecules.

We report a newly identified parallel transition ofl2, — X'~" and coupled perpendicular transi-
tions of 2’1, and 211, 3% « X'T* and observed by mass-resolved resonance enhanced twg
photon ionization (RE2PI) in a cold molecular beam of RbGary\éomplex vibronic structures have
been observed in our RE2PI spectrum near 640 nm. Thig 2tate, however, shows a very regular
vibronic structure, indicating the absence of significartyrbation. By fitting the observed term val-
ues of these parallel bands, we have determined the motexmratants and the Rydberg-Klein-Rees
(RKR) potential energy curve of thé I, state.

The origin of the complex vibronic structures has beenhatted to strong spin-orbit interactions
among the = 1 states. In the lower energy spectral region where thet®oéehe 211; and =}

— X!'S*transitions were observed, we have identified the elearsyrinmetry and the vibrational
guantum numbers of the upper vibronic states for the obdgreependicular bands. The diagonal
spin-orbit interaction constant of thé12 state has been estimated from the observed splitting of the
electronic term values of the= 0 and 1 components.

The authors are grateful to Dr. Stolyarov for many helpfsktdssions.

1D. DeMille, Phys. Rev. Lett88, 067901 (2002).
2T. Bergeman, A. J. Kerman, J. Sage, S. Sainis, D. DeMille, Elnys. J. 081, 179 (2004).
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K. J. Weatherill, J. D. Pritchard, R. P. Abel, M. G. Bason, A.Mfohapatra, C. S. Adams

Department of Physics, Durham University, South Road, BorfDH1 3LE, UK

Atoms in highly excited Rydberg states exhibit strong iat#ions over distance scales of a few mi-
crons. In our work we exploit the enhanced sensitivity of B states to control the propagation of
light through an atomic ensemble. For example, if the atompeepared in a dark state correspond-
ing to a superposition of ground and Rydberg sfaties medium acquires a giant electro-optic effect
many orders of magnitude larger than other systeriis giant electro-optic effect can be used to
impose sidebands on light propagating through the enseasb#own in Figure 1a). In ultra-cold
ensembles we have observed Rydberg dark states with littesadl less than 1 MHz (see Figure 1b)
and have demonstrated the on-set of interactions effedtseaRydberg density is increasedOur

eventual goal is to exploit this giant non-linearity to amhipulse propagation at the single photon
level.
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Figure 1:a) Power spectrum of light transmitted through the Rydbekdtate ensemble showing
the generation of sidebands at tB&! harmonic of an applied electric field modulation with ampli-
tude3 V/cm and frequency.,. Kerr coefficients> 107 m/V? are measured. Inset: Frequency
response of the dark state resonance determined from tlebaid intensity. (b) Narrow EIT res-
onance corresponding to the= 26d state in a cold Rb sample. Linewidthsof 600 kHz are
observed.

1AK Mohapatra et al. Phys. Rev. Lett. 98, 113003 (2007)
2AK Mohapatra et al. arXiv:0804.3273
3KJ Weatherill et al. arXiv:0805.4327
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Theoretical study of the hyperfine structure and isotope
shifts in near-infrared transitions of atomic nitrogen

M. Godefroid , M. Nemoucht, P. Jénssch

!Service de Chimie Quantique et Photophysique, Univelriite de Bruxelles
B 1050 Brussels, Belgium
2Laboratoire d’Electronique Quantique, USTHB, B.P. 32 Afila, 16111 Bab-Ezzouar, Alger,
Algeria
3Nature, Environment, Society, Malmd University, Sweden

Doppler-free spectra of N | transitions on t? (*P)3s *P — 2p*(*P)3p *P°, *D° multiplets have
been recorded by Jenneriehal. ! using saturated absorption spectroscopy. From these Hata,
nerichet al. extracted values for the hyperfine structure coupling @nistfor the various levels

of these multiplets, for both*N and'®N. Isotope shifts of three transitions in each multipleténav
also been measured, revealing a significiatependence of the shifts. These authors recommended
a theoretical investigation of the undelying cause of thisxpected phenomenon.

In the present work, we repoab initio calculations of hyperfine structure and specific msisi$t
parameters, together with transition data using the ATSp&tkagé. Elaborate correlation models
within a systematic appoach are used for assessing thbiligjiaf the abinitio parameters. Experi-
mental isotope shift values are critically dependent orcdneect interpretation of the hyperfine struc-
tures of the'"*N and'°N spectra. The specific mass shift parameters calculatepfgr P)3p *P°
and”D° are almost identical and it is hard to propose any mechartistnatould cause the observed
J-dependency of the isotope shifts. The calculated hygesfiructure constants strongly disagree
with experiments, suggesting at this stage that the orifjtheoproblem might be the analysis of the
observed hyperfine structures.

1R.M. Jennerich, A.N. Keiser and D.A. Tate, Eur. Phys. J40(2006) 81.
2C. Froese Fischer, G. Tachiev, G. Gaigalas, and M. R. Gadefémmp. Phys. Coml76(2007)559.
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Two-photon spectroscopy of®Sr

Y. N. Martinez de Escobar P. G. Mickelson, S. B. Nagel, A. J. Traversd, M. Yan!,
T. C. Killian', P. Pellegrini, R. Cot&

! Department of Physics and Astronomy, Rice University, Boys X 77074, USA
2Department of Physics, University of Connecticut, StaB¥,06269, USA

We report two-photon photoassociative spectroscopy (RAStomic 58Sr utilizing intermediate
states that are weakly bound on th&, — ® P, potential and determination of thewave scattering
lengtha for ®8Sr. Two-photon PAS is a powerful tool that finds various amlons such as the
production of ultracold bound molecules and has been emagléy measure the binding energy of
weakly bound levels of ground molecular potentials. Furti@e, due to the metastability of the
3P, state the shape of the excited molecular potential and salfithe molecular Franck-Condon
factors and atomic dipole matrix elements make spectrgsoepr the' Sy — 3Py transition differ
qualitatively than when using a dipole-allowed transitioBach of these measurements provides
accurate determination afand an understanding of the paths towards quantum deggrarddhe
behavior of resulting quantum fluids.
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Absolute absorption on the rubidium D lines: comparison
between theory and experiment

P. Siddons, C. S. Adams, C. Ge, I. G. Hughes

Department of Physics, Durham University, South Road, BerfDH1 3LE, UK

Having a theoretical model which predicts the absorptioth @efractive index of a medium is use-
ful, for example, in predicting the magnitude of pulse piggtéon effects. We study the Doppler-
broadened absorption of a weak monochromatic probe beanthieraal rubidium vapour cell on
the D lines'. A detailed model of the susceptibility is developed whiakeis into account the ab-
solute linestrengths of the allowed electric dipole traoss and the motion of the atoms parallel to
the probe beam. All transitions from both hyperfine levelshef ground term of both isotopes are
incorporated. The absorption and refractive index as aifomof frequency are expressed in terms of
the complementary error function. The absolute absorpiiofiles are compared with experiment,
and are found to be in excellent agreement provided a suffigizreak probe beam with an intensity
under one thousandth of the saturation intensity is usee. ifiportance of hyperfine pumping for
open transitions is discussed in the context of achieviagwhak-probe limit. Theory and experiment
show excellent agreement, with an rms error better tha# @2 the D- line at 16.5C (see Fig. 1).
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Figure 1: Transmission plots for the comparison between experimedttieory, at temperatures
of 16.5°C (top), 25.0°C (middle), and36.6°C (bottom). Red and black lines show measured and
expected transmission respectively. Below the main figuaepiot of the difference in transmission
between theory and experiment for the5° C measurement.

1p. Siddons, C.S. Adams, C. Ge and |.G. Hughes, “Absoluterptisn on the rubidiumD lines: comparison
between theory and experiment.”, arXiv:0805.1139v1
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Optical pumping effect on the magnetic field dependent
intensity of hyperfine split Dy, D, lines of ®*Rb and ®’Rb

M. Ummal Momeen, G. Rangarajan, P. C. Deshmukh

Department of Physics, Indian Institute of Technology- MadChennai- 600 036, India.

The intensity of Zeeman components of rubiditifRb and®® Rb) hyperfine split D and D, lines has
been studied up to a field of 5mT. Saturation absorption spemipic technique is used to resolve
the hyperfine spectrum. Optical pumping effect in the clasedsition (F=2 to F’=3 i’"Rb and
F=3to F'=4 in3°Rb D; line) is reported. All possible polarization configuratiofr, o, o_) have
been employed for the pump and probe beams. Tremblay’s fieldced transition probability
Nakayama’s four level modelwere already used by us to compute the field dependent ityensi
variatior?. These calculations have now been refined taking into a¢eoutti- cycle pumping. The
experimental and calculated results are compared.

1Tremblay P, Michaud A, Levesque M, @tiault S, BretonM, Beaubien J and Cyr N 1990 Phys. Rev2A
2766

2Nakayama S, Series G W and Gawlik W 1980 Opt. Comn34h382

SUmmal Momeen M, Rangarajan G, Deshmukh P C, 2007 J. Phys..Baélt Opt. Phys40 3163
4Dong-Hai Yang, Yi-Qiu Wang 1989, Opt. Commun4 54
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Saturation spectroscopy of the 372 nm Fe | resonance line
with laser diode radiation

S. Krins, P. Saint-Georges, T. Bastin

Institut de Physique Nucléaire, Atomique et de SpectmisctJniversité de Liege, Belgium

Saturation spectroscopy is a well known technique to getplzogree spectral lines of elements at
ultra-high resolution. Itis also a popular technique td#ize precisely laser radiation within atomic
linewidths. Here we report preliminary results about apson saturated spectra of the resonance
line 3d%4s%°Dy — 3d%4s4p °F2 of iron atoms at 371.9935 nm using a low power commerciallase
diode. The scheme of the experimental setup is shown on Fig.QV laser diode delivering a 4
mm? 5 mW laser beam is sent partly to a saturation spectroscapy aad crosses an iron vapor cell.
Iron atoms are produced in a home made Fe-Ar hollow cathadaige cell The laser beam is sent
backwards to the hollow cathode and is superimposed exadie pump beam in combination with
a /4 waveplate to extract the 9@olarization rotated probe beam at the exit of the hollovhadeé.
Good signal to noise ratios in the saturated absorptiontispleave been obtained, demonstrating the
suitability of commercial UV laser diodes for this purpos&ldheir ability to be easily stabilized
at this wavelength for any application requiring such radia In this way we extend to small UV
laser diode systems the results obtained by Sne¢et with a doubled frequency titanium sapphire
laser.
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Figure 1:Experimental arrangement.

1p.-H. Lefébvre, H.-P. Garnir and E. Biémont, Phys. $6.363 (2002); P.-H. Lefébvre, Ph. D. thesis, Uni-
versity of Liege, Belgium (2004).

2B. Smeets, R. C. M. Bosch, P. Van der Straten, E. Te Sligte, BcBolten, H. C. W. Beijerinck and K. A. H.
Van Leeuwen, Appl. Phys. B6, 815 (2003).
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Potassium ground state scattering parameters and
Born-Oppenheimer potentials from
molecular spectroscopy

St. Falké'2, H. Knockel, J. Friebé, M. Riedmann, E. Tiemann, Ch. Lisdat

Hnstitut fiir Quantenoptik, Leibniz Universitat Hannavdannover, Germany
2Depar’[ment of Physics, Yale University, New Haven, CT, USA
3Physikalisch-Technische Bundesanstalt, Braunschweign@ny

We present precision measurements with MHz uncertaintiyeoéhergy gap between asymptotic and
well bound levels in the electronic ground state' X/ of the *?K. molecule. The molecules are
prepared in a highly collimated particle beam and are ioggated in a\-type excitation scheme of
optical transitions to long range levels close to the aspteptf the ground state, using the electron-
ically excited state A X7 as intermediate onke.The transition frequencies are measured either by
comparison with 4 lines or by absolute measurements using a fs-frequency .c@imd asymptotic
levels were observed for the first time and extend the exjstiriafield to within 0.2 cm ! of the dis-
sociation energy. The determined level energies were uggdher with Feshbach resonances from
cold collisions of*’K and“°K reported from other authotso fit new ground state potentials. Precise
scattering lengths are determined and tests of the validitile Born-Oppenheimer approximation
for the description of cold collisions at this level of pr&icin are performed. This is of particular
importance if one aims for describing Feshbach resonansiéigus of several isotope combinations
by a single model.

1st. Falke, H. Knockel, J. Friebe, M. Riedmann, and E. TiemaarXiv.org/abs/0804.2949; accepted for
publication in Phys. Rev. A.

2A. Pashov, P. Popov, H. Knbckel, and E. Tiemann, Eur. PhyB.4B, 241 (2008).

3C.A. Regal and D.S. Jin, Phys. Rev. Lett. 90, 230404 (2003); Regal, M. Greiner, and D.S. Jin, Phys.
Rev. Lett. 92, 040403 (2004); J.P. Gaebler, J.T. Stewdrt,Bbhn, and D.S. Jin, Phys. Rev. Lett. 98, 200403
(2007); C. D’Errico, M. Zaccanti, M. Fattori, G. Roati, M.daoscio, G. Modugno, and A. Simoni, New Journal
of Physics 9, 223 (2007).
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Tomography of a cold molecular beam via cavity-enhanced
direct frequency comb spectroscopy

M. J. Thorpe, F. Adler, K. C. Cossel, J. Ye

JILA, National Institute of Standards and Technology andversity of Colorado, Boulder,
Colorado 80309-0440

The emerging field of cold molecules and cold chemistry vefjuire spectroscopic probes capable
of investigating large energy scales at high resoldti@avity-enhanced direct frequency comb spec-
troscopy combines broad spectral bandwidth, high spe&salution, precise frequency calibration,
and high detection sensitivity, all in one experimentatfplan®. This spectrometer is ideal for stud-
ies of the quantum state distributions, density profilegarty distributions, and interactions of cold
molecular ensembles. To develop and refine this novel sgEactpic technique we have performed
tomographic studies of a supersonically cooled beam of/kret molecules Absorption measure-
ments are recorded at a variety of positions within the sguec jet allowing for a direct observation
of beam dynamics. A high resolution spectrometer in caviiggmission records 25 nm snapshots of
the molecular absorption spectrum while providing resohg as low as 200 kHz (Fig. 1). The broad
bandwidth and high resolution allow for simultaneous obsgon of internal state distributions and
external degrees of freedom as the beam cools (Fig. 2a,d)nv&nse Abel transform is applied to
the integrated absorption measurements to generate nele@nsity profiles revealing the internal
and external state dependances of the molecular denshinlite bearh (Fig. 2b,c).
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Figure 2. (a) Scan of (vl+v3)-R(0)-line over one cavity FSR for

Figure 1. (a) The experimental setup. (b) VIPA spectrometer.  different height positions. (b) Hot and cold portions of the beam.

(¢) Camera image revealing molecular absorption. (d) CH, (¢) Inverse Abel transform, representing radial absorption distributions
absorption spectrum generated by unwrapping camera image. (d) P-branch rotational distributions for hot and cold velocity groups

1Cold polar molecule special issUgyr. J.Phys.D, 31 (2004).

2M.Thorpe and J. YeApp. Phys.B, in press (2008).

3D. R. Miller, Atomic and Molecular Beam Methods, (Oxford Weisity Press, New York, 1988), pp. 14-53.
4R. N. Bracewell, The Fourier Transform and its ApplicatiofMcGraw-Hill, New York, 2000), pp. 351-358.
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Analytic Solutions for the Saturated Absorption Spectra at
low intensity

Geol Moon, Seo Ro Shin, Heung-Ryoul Noh

Department of Physics and Institute of Opto-Electroni@8ce and Technology, Chonnam National
University, Gwangju 500-757, Korea

We present analytic solutions for the saturated absorgpeatroscopy(SAS) spectra based on a rate
equation model. The model can provide accurate SAS spentter wall experimental conditions
(for various pump beam intensities and diameters) withoeitieed for phenomenological constants.
The rate equations governing the dynamics of the popukiiothe presence of a pump laser beam
were solved analytically. The SAS spectra were then catedlasing the analytic solutions of the
populations. The calculation was carried out for etransition line of thé””Rb atom. One of the
assumptions of this method is the large energy spacing kettee hyperfine levels of the excited
state, which means that the optical pumping to other exsite hyperfine levels can be neglected.
Therefore, this method can be better applied’®b or Cs rather thaf?Rb or Na. The polarization
scheme of the pump and probe beams under considerationiso™, 0" — o=, 7 || 7 andr L 7.
We compared the analytic solutions with the numerical amkegmental results and found good

agreement between thém
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Figure 1:Experimental, numerical, analytic, and Nakayama’s resfdt the SAS spectra at the tran-
sition F;, = 1 — F. = 0, 1,2 when the pump-probe polarization configurations arer(a)- o,

()" — o=, (c)r || 7, and (dyr L 7.

1G. Moon, H. R. Noh, “Analytic solutions for the the saturatssorption spectra”, J. Opt. Soc. Am. 7,
701 (2008).
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Cold Atoms Microwave Frequency Standards in Brazil

S. T. Mullet, R. F. Alveg, A. Bebeachibufi?, D. Lencioné, V. S. Bagnatd, D. V. Magalhzes

Instituto de Fisica de Sao Carlos, S&o Paulo, Brazil
2Observatorio Nacional do Rio de Janeiro, Rio de Janeirgar

Our group has been working in the development of primaryuesegy standards. These include ex-
periments with Cs atoms in an atomic fountain and cold atoitlsma microwave cavity. This last
concerns the construction of a magneto-optical trap ingidgcrowave cylindrical cavity, tuned to
theF =3,my =0 — F =4, my = 0 ground state transition, and we will report the last advance
on it. We worked in a model to explain the poor contrast we pleskin preliminary tests using cold
atoms and a microwave antenna. This model includes the wéwefield distribution and the free
expansion of the cold atoms cloud. It was applied to both oetao oscillatory fields interrogation
methods, showing good agreement with the acquired dataofflee experiment concerns the devel-
opment of an atomic fountain to be used as a frequency standée report the last results obtained
for this system, related to first stability evaluations andlgsis of frequency shifts. We will also
show the structure that is under development to providelzkgpes of evaluating these standards and
a future link with TAI (International Atomic Time).
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Investigation of the optical transition in the ?2Th nucleus:
Solid-state optical frequency standard and fundamental
constant variation

Eric R. Hudson, A. C. Vutha, S. K. Lamoreaux, D. DeMille

Department of Physics, Yale University, 217 Prospect §tiémwv Haven, CT 06511, USA

The technological impact of atomic clocks has been profotitigh-precision clocks have also pro-
vided a means to probe fundamental issues in physics. Alresaimic clock experiments have pro-
vided some of the most stringent tests of General Relatiwityl produced the tightest constraints on
present day variation of many of the fundamental constatitsppears universally recognized that
the most promising route to improved clocks uses refereaci#lators based on optical transitions;
already, two such experiments have reported better stathiin the primary Cs standdrd.

Despite their successes, traditional clock experimerg#en cumbersome. To mitigate environ-
mental influences on the reference oscillator transitiasgdenn clock experimenters routinely employ
complicated interrogation schemes such as atomic fout@imptical lattice confinement. An in-
teresting shift in paradigm is to consider an optical cloeldxrl on a nuclear transition. Just as in
atomic clocks, the high Q oscillatdre. the nuclear transition, can in principle be addressed lsr las
spectroscopic techniques, as long as the transition emeegyessible with current laser technology.
However, as is well-known from Mossbauer spectroscopglaau transitions are relatively insen-
sitive to their environmental surroundings compared tanitaransitions. Thus, the complicated
apparatus of an optical atomic clock may be replaced by desiogm-temperature crystal doped
with an appropriate nucleus.

We present a proposal for the the construction of a frequstasydard based on an optical transition
in the 22°Th nucleus. Recent data indicates that this transition hegotvest energy of any known
nuclear excitatioh which should make it amenable to study by laser spectrgsatien embedded
in a VUV-transparent crystal. Detailed analysis of the @alime environment leads us to expect
that the magnetic dipole-dipole interaction between adjaauclei will be the dominant transition
broadening mechanism, increasing the transition lindwiidim its natural value of10 uHz to ~3
Hz. When coupled with the large number of atoms that can bedlapo a solid, an improvement
in the quantum projection noise limit of as muchl@$ over current optical clocks may be possible.
Furthermore, because of the larger energy scales inherenictear interactions, this transition has
10 —10° times more intrinsic sensitivity to variations in the funaiental constants. The construction
of the system appears to be surprisingly easy, as prelignicrgstals doped with the (more stable)
232Th isotope have already been produced.

IN. Ashby et al., Phys. Rev. Le®8, 070802 (2007).
2T. Rosenband et al., Sciendd 9 1808 (2008).

SA. Ludlow et al., Scienc&19 1805 (2008).

“B.R. Beck et al., Phys. Rev. Le@8, 142501 (2007).
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Trapped Atom Clock on a Chip

F. Reinhard, C. LacroQté, T. Schneidet, J. Reichel, P. Rosenbusch

Laboratoire Kastler-Brossel, 24 rue Lhomond, 75231 PafzDEX 05, France
2SYRTE - Observatoire de Paris, 61 avenue de I'Observaftfi@]4 Paris, France
3present address: Institut fiir Experimentalphysik, HeinHeine-Universitat Diisseldorf,

UniversitatsstraRe 1, 40225 Dusseldorf, Germany

We are developing a compact atomic clock based on the atomtebhnology, intended to be a
secondary standard. Its frequency reference is the trmm&etween the two magnetically trapped
hyperfine sublevel$F’ = 1,mp = —1) and|F = 2,mp = 1) of the ground state of’Rb. This
transition will be interrogated using a two-photon, miceme and RF, Ramsey excitation scheme
The interrogation of trapped atoms has the advantage of Ramgsey times* 1s), realisable in
a compact setup. We will perform the interrogation on a tl@roloud or a BEC, thereby explor-
ing the application of BEC in metrology. Inspired by the fragi—principle experiment we have
constructed a dedicated setup, which is now nearly opetio

The clock stability of the proof-of-principle experimenti10~!! at 1s, limited by trivial techni-
cal imperfections, most notably magnetic field noise. Thoeee our new setup includes two layers
of magnetic shielding and the detection of both hyperfineestaFurthermore, we have integrated
a microwave transmission line on the chip whose evanesadtvill couple the interrogation mi-
crowave to the atoms. These wires replace the microwavéyazsed in fountain clocks. We expect
these improvements to earn us a stability inthe'? at 1s range. Assuming further improvements
on the atom number and the cycle time, a stability in the 10W'® at 1s range seems feasible. A
clock with this performance would outperform today’s beshemercial atomic clocks by one order of
magnitude, while being much smaller than the atomic founpaimary standards. This combination
of features opens a clear perspective for applicationsskitellite navigation.

Ultimately, the clock stability will be limited by the finiteoherence time, which is governed by de-
phasing between atoms with different trajectories dueddrdp-induced shifts. The major frequency
shift is the Zeeman shift induced by the trapping field. ltstforder contribution is common-mode
for both clock states. Its second order contribution exiigiminimum at the magic field &£23G,
where the transition frequency is shifted bykHz from its zero-field valué. However, it is fa-
vorable to operate the clock trap slightly below this magétdfiin a region where this second order
Zeeman shift cancels the collisional sHiftWe find that in a shallow trap @b, 300, 300)Hz, whose
trap bottom is detuned by 0.05G from the magic field, the frequency spread averaged ovenualcl
of 10° atoms and).5u:K can be as small a&17Hz.

1D.S. Hall, M.R. Matthews, C.E. Wieman and E. A. Cornell, PHygsv. Lett. 81, 1543-1546 (1998)
2P, Treutlein, P. Hommelhoff, T. Steinmetz, T. W. Hansch anReichel, PRL 92, 203005 (2004)

3D. M. Harber, H. J. Lewandowski, J. M. McGuirk and E. A. CoinBhys. Rev. A 66 (053616), 2002
4H.J. Lewandowski, D.M. Harber, D.L. Whitaker and E.A. Cdtriehys. Rev. Lett. 88, 070403 (2002)
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Spin squeezing on the Cs clock transition by QND
measurements in a cold atomic ensemble

U. Hoff, P. Windpassinger, D. Oblak, J. Appel, N. KjeergaddS. Polzik

QUANTOP - Danish National Research Foundation Center foaQum Optics,
Niels Bohr Institute, Copenhagen University, Denmark

We investigate the concept of spin squeezing on the cesiook ¢tansition in a cold and dipole
trapped atomic ensemble. The collective atomic state isritbesl in terms of a pseudo-spin, where
the z-component represents the population differencedmatwthe clock states. The Cs sample is
located in one arm of a Mach-Zehnder interferometer and tin@ia level population difference is
probed non-destructively by measuring the dispersiveghhst of off-resonant light, caused by the
state-dependent index of refraction of the atoms. By appl@ near-resonant microwave field on
the clock transition we can control the evolution of the eclive atomic quantum state and steer
the pseudo-spin vector on the Bloch sphere. Combining teebmiques we are able to prepare the
atomic ensemble in a coherent superposition of the clodkest@and perform QND measurements
of the level population difference. The measurement siegiseveal the atomic projection noise.
Furthermore, we observe correlations between consegugasurements on the same atomic sample,
indicating that conditional squeezing of the atomic psesigio has be achieved. In that case, the
outcome of one measurement can be used to predict the outdfaarmibsequent measurement with
a precision better than the standard quantum limit.
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Reducing Clock Projection Noise with
Measurement-Induced Correlations

M. H. Schleier-Smith, I. D. Leroux, V. Vuletic¢

MIT-Harvard Center for Ultra-Cold Atoms, Research Labangtof Electronics and Department of
Physics, Massachusetts Institute of Technology, Camirid@ssachusetts 02139, USA

For nearly a decade, the best atomic clocks have been limjtedomic shot noise the statistical
uncertainty in the result of projecting an ensemble of irshelent and uncorrelated atoms onto the
eigenstates of a measurement. It is possible to go beyosdirtit by entangling or correlating the
atoms, so that the outcome of a collective measurement @get the simple average of independent
measurements on each afonin the Bloch sphere representation, where each (twoletem is
represented as a spin2 and the collective state of an ensembleNdfidentically-prepared atoms
behaves as an angular momentSm= N/2, these correlations between atoms correspond to spin
squeezing; i.e. to reducing one of the two uncertainty camepts perpendicular to the mean angular
momentum vector below the value gf S/2 found in the coherent (uncorrelated) state

Such a squeezed or correlated state can be prepared bytpmjaeasurement; for instance by a
sensitive measurement of the relative population of the ¢lsok states—corresponding to the
component of the collective spin—of an ensemble of atontmllyi prepared in an equal superposi-
tion of those two states, i.e. in the plane of the Bloch sphere. This requires that the measurtemen
be more precise than the intrins{g S/2 uncertainty of the initial uncorrelated coherent state and
that it be non-destructive. The latter requirement meaasttte magnitude of the effective angular
momentum vector, or equivalently the permutation symmetitye collective atomic state, must not
be altered by the measurement. In particular, the measatemest not allow the state of individual
atoms to be determined. Practically, this requirementiespthe preservation of the clock fringe
contrast.

Using a sample of”Rb atoms confined in an optical resonator (total optical lept6000) and
prepared in a superposition of the two states of/fhie= 1,m = 0) « |F = 2, m = 0) hyperfine
clock transition, we have used the atom-induced shift of\atgaesonance to implement such a
measurement of relative population. We have reached atiségsidB below the shot noise limit
without a commensurate reduction in fringe contrast, foea4uB of squeezing. We have thus
created an entangled collective state with reduced fluongin one quadrature of the collective
spin that may be used to improve the precision of an atomikclo

1G. Santarelli et al.Quantum Projection Noise in an Atomic Fountain: A High-3itgbCesium Frequency
Standard PRL 82, 4619 (1999)

2D. J. Wineland et alSpin squeezing and reduced quantum noise in spectrosBéjy46, R6797 (1992); D.
J. Wineland et alSqueezed Atomic States and Projection Noise in Spectpsde®A 50, R67 (1994)

SMasahiro Kitagawa and Masahito Ue@rjueezed Spin StatéRA 47, 5138 (1993)
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Progress toward Sr Optical Lattice clock at NICT and
Vapor Cell Measurement of**Sr 552 1§, — 5s5p 3P;

Collision Shifts

N. Shigd, Y. Li, S. Nagano, H. Ito, H. Ishijima, A. Yamaguchi, M. KoidR. Kojima, M. Kajita,
M. Hosokawa, T. Ido

National Institute of Information and Communications Tealogy (NICT), Tokyo, Japan
“email: shiga@nict.go.jp

We are building a Sr optical lattice clock at NICT. Our missis to obtain and deliver the stable
frequency standard in Japan and the Sr atomic clock willideoone of the secondary representations
of the second. Our latest progress is that we have trappéfiShetoms in a 461 nm Magneto-Optical
Trap (blue MOT).

In order to estimate the order of collision shiftis® 1S, — 5s5p *Py clock transition, we measured
the collision shifts in thé®Sr5s? 1Sy — 5s5p ®P; transition (=689 nm). We performed saturation
absorption spectroscopy of thermal atoms in a vapor celb&t’€, and the absolute frequency of
689 nm laser was calibrated with a frequency comb which wizseerced to International Atomic
Time (TAI). This scheme enabled us direct comparison of ellfltased measurement to the accurate
frequency obtained with ultracold atosVe measured the shift due to Sr-Sr binary collisions, as
well as collisions with helium, neon and argon buffer gase dhserved shift due to collisions with
helium was~+5 kHz at 102 Torr. If we assume linear scaling, the shift would&g/ f ~ 1078

at 10°° Torr. While our measurement is not directly 8s° 1Sy — 5s5p 3Py clock transition, this
measurement may add extra information on the systemaftao$hine clock transition at the level of

Sf/f ~ 10718,
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Figure 1:a) ®8Sr trapped in a blue MOT. b) Collision shift dependence orkbemund gas pressure.
fo is the frequency measured in ref. 1.

1T. Ido, et.al., "Precision Spectroscopy and Density-Dejeaih Frequency Shifts in Ultra-cold Sr” Physical
Review Letters94, 153001 (2005)
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Optical Lattice Clocks with Single Occupancy Bosons and
Spin-Polarized Fermions

M. Takamotd'?, T. Akatsuka'?, H. Katori*2

!Department of Applied Physics, Graduate School of Enginger
The University of Tokyo, Bunkyo-ku, 113-8656 Tokyo, Japan.
2CREST, Japan Science and Technology Agency,
4-1-8 Honcho Kawaguchi, 332-0012 Saitama, Japan.

To date, optical clocks based on singly trapped ions andadtd neutral atoms trapped in the Stark-
shift-free optical lattices are regarded as promising candidates for future atomiksloSo far
“optical lattice clocks” have been evaluated with uncetsaiof 1 x 10~ on the basis of the Cs
atomic clocks. However, the latter performance is not enough to fully est# the former stability as
well as accuracy. Therefore, frequency comparison betiiggty-stable and accurate optical lattice
clocks is crucial for this evaluation. Furthermore, onehaf €ssential experimental challenges in the
development of optical lattice clocks is to find out the heltittice geometries as well as interrogated
atom specie$ (including their quantum statistics) that bring out thegmital performance of the
clock scheme.

We discuss two possible configurations for optical lattitecks; three-dimensional (3D) lattice
loaded with bosons and one-dimensional (1D) lattice loasigil spin-polarized fermion$. In the
former scheme, a single occupancy lattice suppresses ingmahbosons and collision shifts. While
in the latter scheme, collisional frequency shift is suppeel by the quantum statistical property of
identical fermions. This Pauli blocking of collisions, teéore, critically depended on the degree of
spin polarization of fermionic atoms, which we carefullyéstigated in the Rabi excitation process
of the clock transition.

We will present frequency comparison of these two optictiide clocks based on fermionfd Sr
and bosoni¢®Sr. By operating these clocks sequentiillye achieved the stability x 1076 after
2,000 s averaging time. Such measurements will offer an imporséep to ascertain the lattice
clocks’ uncertainty at thé0 ' level and beyond, where no working standard exists.

1H. Katori, M. Takamoto, V. G. Pal’chikov and V. D. OvsiannikdUltrastable Optical Clock with Neutral
Atoms in an Engineered Light Shift Trap,” Phys. Rev. Létt, 173005 (2003).

23, Blatt, et al, “New Limits on Coupling of Fundamental Constants to Gratising 87 Sr Optical Lattice
Clocks,” Phys. Rev. Lett100, 140801 (2008).

3H. Hachisu,et al, “Trapping of Neutral Mercury Atoms and Prospects for Cgiticattice Clocks,” Phys.
Rev. Lett.100, 053001 (2008).

4M. Takamoto, F.-L. Hong, R. Higashi, Y. Fujii, M. Imae and Hat¢ri, “iImproved Frequency Measurement
of a One-Dimensional Optical Lattice Clock with a Spin-Riaed Fermionic®”Sr Isotope,” J. Phys. Soc. Jpn.
75, 104302 (2006).

5T. Akatsuka, M. Takamoto and H. Katori, “Optical lattice cks with non-interacting bosons and fermions,”
submitted.
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Laser-cooled atoms coupled to a magnetic micro-cantilever

A. Geraci, Y.-J. Wang, M. Eardley, J. Moreland, J. Kitching

Time and Frequency Division, NIST, Boulder, CO 80305

Micro-cantilevers have demonstrated remarkable forcsiteity, while dilute atomic gases can ex-
hibit long coherence times and on-chip atomic systems hameep to be useful for quantum control
and manipulation. The direct coupling of the spin-degrefeBeedom of an atomic vapor to the
vibrational motion of a magnetic cantilever tip has recebiten demonstratédand prospects for
coupling a BEC on an atom-chip to a nano-mechanical resohat@ been recently discuse&os-
sible applications include chip-scale atomic devices, lriciv localized interactions with magnetic
cantilever tips selectively influence or probe atomic spifis a next step towards the realization of
a strongly coupled ultra-cold atom-resonator system, we lcanstructed an apparatus to study the
direct coupling between the spins of an ensemble of laseleddRb atoms and a magnetic tip on a
micro-cantilever. The cantilever with magnetic tip is simaw Fig. 1. The atoms will be loaded from
a Magneto-Optic-Trap (MOT) into a magnetic quadrupole famed by the cantilever tip and ex-
ternal magnetic fields. The cantilever will be driven capeely at its resonance frequency§Hz),
resulting in a coherent precession of the trapped atomitsspith a matching Larmor frequency.
Such spin precession can be observed by monitoring trapthossgh fluorescence or by optical
detection of the rotation of the atomic magnetization. pecss for measuring the back-action of
the ensemble of atomic spins on a cantilever beam will alsdidmissed. Ultimately, if a particular
cantilever mode can be cooled to the single-phonon levélgparin a cryogenic experiment with ad-
ditional feedback cooling, non-classical states of thenataegrees of freedom could be transferred
to the motional states of the resonators and vice versailghp$sading to novel tests of quantum
mechanics at macroscopic scales.

Figure 1:(left) Optical micrograph of cantilever capacitive driveask and (right) SEM micrograph
of Si cantilever with electroplated CoNiMnP magnet.

1Ying-Ju Wang, Matthew Eardley, Svenja Knappe, John Motklamo Hollberg, and John Kitching, Phys.
Rev. Lett.97, 227602 (2006).

2philipp Treutlein, David Hunger, Stephan Camerer, Thedtlaransch, and Jakob Reichel, Phys. Rev. Lett.
99, 140403 (2007).
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Microwave Power Measurements Using Rabi Oscillations

Alain Michaud, David C. Paulusse, Chantal Prévost

National Research Council Canada, Ottawa, Canada K1A OR6
(Al'ai n. M chaud@rc-cnrc. gc. ca)

A quantum-based microwave powermeter has been proposedeagb, and measurements have
shown that it could lead to the development of a laboratagdard.! 2 2

Rabi flopping oscillation is a very common phenomenon. Altitoit has been studied and used ex-
tensively, it is only since the introduction of laser coglitechniques, that it would become possible
to use the hyperfine interaction as a tool for the precisioasueement of the RF field amplitude
(power).

The system uses a standard Magneto-Optical Trap as theesoiucold atoms. The cold atoms are
simply dropped, and later cross a rectangular waveguidermision line, where the RF field ampli-
tude is to be measured. The atoms probe the RF field and ar@lated by a laser beam.

A short section of rectangular metal waveguide constittitesyacuum chamber. The top and bottom
holes where the atoms cross the guide are equipped withf ¢ulbefs to prevent RF leakage, and the
vacuum windows inside the guide are frequency tuned (6.8)@&Harevent any standing wave. The
incident RF power through the chamber measured by clagsiclahiques such as thermistor-mount
or calorimeter.

In order to compare both classical and atomic standards|atvéhe population inversion vs the field
amplitude. By fitting the frequency of these (Rabi) osditias, we find the calibration factor of the
powermeter and we can also study its linearity.

The system was designed for low level measurements ie, tppithg distance is low which results
in an interaction time of about 15 ms. The obtained resaftuisoabout 0.1 % after 60 Rabi cycles
(=~ 2 mW). For this power level, the accuracy is limited by theentainty on the interaction time.
We deduce the transit time in the the waveguide by measunmdnitial position of the MOT. This
technique leads to a high uncertainty at a low drop distandeagbetter technique found for the de-
termination of the interaction time.

The paper describes the apparatus, and the measuremenittexsh

1D.C. Paulusse, N.L. Rowell and A. Michaud, “Realization of Atomic Microwave Power Stan-
dard.” Proc. Conference on Precision Electromagnetic Measurésne®002, pp. 194-195, online:
http://arxiv.org/physics/0504066

2T.P. Crowley, E.A. Donley and T.P. Heavner, “Quantum-Balskcrowave Power Measurements: Proof-of-
concept Experiment.”, iRRev. Sci. Instrum\ol. 75, no, 8 pp. 2575-2580, 2004. DOI: 10.1063/1.1771501

3D.C. Paulusse, N.L. Rowell and A. Michaud, “Accuracy of ardic Microwave Power StandardIEEE
Trans. Instr. Meas.\Vol 54. no 2 pp. 692-695. online: http://arxiv.org/phys@503111
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Quantum optics near surfaces

H. Bender, Ph. W. Courteille, C. Zimmermann, S. Slama

Institute for Physics, University of Tubingen, Auf der ifemstelle 14, Tubingen, Germany

The main focus of our experiments is the behavior of matterewavhich are prepared at a very
low distance to a surface. There atom-surface interactikeshe Casimir-PolderGP) force play a
dominant role.

In our case the surface is the facet of a glass prism. The svanewave of a laser beam which
is reflected at this facet will allow us to add short range @igmtentials acting on the atoms. A
laser beam which is blue-detuned to the D2 lind’®b will make a repulsive potential decreasing
exponentially with the distance from the surface. Thissteatential compensates for the attractive
CP-force and thus forms a controllable barrier at a distafigefew hundred nanometers from the
surface.

(@) ) .
Prism evanescent wave potentia
s —
Py 1 combined potential
=3 (incl. gravitation)
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//\
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1 Casimir Polder potential
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Figure 1: (a) Experimental setup: A BEC is placed below the surface of snpiin the evanescent
wave of a reflected laser bea(n) Barrier formed by the superposition of CP- and evanescenewa
dipole-potential

Matter-waves propagating towards this barrier may eitteerdflected or transmitted. The reflec-
tivity of the barrier is determined by its height comparedhe kinetic energy of the matter-waves.
Measuring the reflectivity as a function of the barrier heigfil thus allow us to deduce the CP-
potential.

A short-time perspective of measurements also includesdestructive measurement of the atom
number in a Bose Einstein Condensa&C). A BEC overlapping with the evanescent wave of a
far detuned laser beam will shift the phase of the reflectgiut by an amount of the order of 10
rad. Monitoring this phase shift as a function of time wilbpide information about atom number
fluctuations in a BEC.

In the long term we plan to tailor nano potentials on the sgrfay means of surface plasmon po-
laritons SP). Deposition of metal layers on the prism surface which amgctured on the nanometer

scale should allow for a local excitation of SPs. The ligidticed oscillation of the electrons in these
layers strongly enhances the electrical field of the evamstipole potential. The implementation

of such potentials opens up possible applications in quaiméormation.
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Realization of localized Bohr-like wavepackets

J. J. Mestayér, B. Wykert, J. C. Lancastér F. B. Dunning, C. O. Reinhold?, S. Yoshid4,
J. Burgdorfet-

! Department of Physics and Astronomy and the Rice Quantutitubes Rice University, Houston,
TX 77005-1892, USA
2Physics Division, Oak Ridge National Laboratory, Oak RidigEnnessee 37831-6372, USA
3Department of Physics, University of Tennessee, Knoxi&7996, USA
4Institute for Theoretical Physics, Vienna University offfieology, Vienna, Austria, EU

We present a protocol and its experimental realizationHerformation of the original Bohr atomic
model? an electron revolving around the nucleus on a (near) cirautait.

Highly-excited Rydberg atoms in circular states are charam®ed by extremely high values of one
component of the angular momentym) ~ +(n — 1)k, wheren is the principal quantum number.
Stationary high- states have become accessible via laser excitation innextéelds’ The devel-
opment of ultrafast electromagnetic pufsepens up the possibility of engineering non-stationary
circular wavepackets which resemble a localized quasisital electron moving in a Kepler orbit.
Here we experimentally and theoretically demonstratetbation of such wavepackets near 300
which behave much as a classical electron in a nearly cird(épler orbit. The motion of the
wavepackets can be followed for several Kepler periods aadiges a direct analog of the origi-
nal Bohr atonf. Such Bohr-like wavepackets could represent an importapipsitg stone towards
realization of phase-locked correlated planetary condijoms in multi-electron atoms.

j @) (b) © )
BINIEIG
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Figure 1: Circular state (a) and electron wavepacket on Bohr orbittin K (n ~ 300) after laser
excitation and application of a half-cycle pulse.

IN. Bohr, Phil. Mag. 26, 1 (1913)
2R.G. Hulet and D. Kleppner, Phys. Rev. A 51, 1430 (1983)

3F.B. Dunning, J.C. Lancaster, C.O. Reinhold, S. Yoshidd, arBurgdorfer, Adv. At. Mol. Opt. Phys., 52
49 (2005)

4J.J. Mestayer et al. Phys. Rev. Lett. (2008, in print)
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Earth-Field Self Oscillating Magnetometer

J. M. Higbi€", E. P. Corsinti, D. Budker+2

'Department of Physics, University of California, Berkel@p 94720-7300, USA
2Nuclear Science Division, Lawrence Berkeley National lratmyy, Berkeley, CA 93420, USA

Atomic magnetometers using ultra-narrow resonances basambherences between Zeeman sub-
levels in alkali atoms, have been under development sire@360s . Their high sensitivity makes
them a possible alternative to SQUIDS without requiring tise of cryogenic equipment. While
recent efforts have been dedicated to working in a magrigtishielded environment where the
magnetic field can be tightly controlled, renewed intenashagnetometry in an unshielded environ-
ment leads to other challenges because of the fluctuatidhs iBarth magnetic fieltd

We will present experimental results on the performancenoflioptical self-oscillating atomic
magnetometer/gradiometer based on alignment coherepegating at Earth magnetic field in an
unshielded environmehtOur magnetometer combines amplitude modulated nontliytical rota-
tion (AM NMOR) and separate pump and probe beams. Its feaineehigh projected sensitivity and
wide bandwidth. Potential future applications range fragnhysics to biomagnetic measurements
in the field, and may serve as the basis of devices used inmairsgace-borne platforms.

—  Probebeam—  ———Ema— Cs or Rb ﬁ

Paraffin
| Laser current |

* | Coated Cell
AVLI Joptical N pympeam —»’

[EE

Control to Sensor modules
Control module ~10m fiber connection Sensor head module

-Magnetometer configuration (single sensor),
-DAVLL: Dichroic Atomic Vapor Laser Lock,
-DFB: Distributed Feed Back laser,

-PD: Photo Diodes.

Figure 1:

1D. Budker, M.V. Romalis, Nature Physicgol. 3, p.227-334, April 2007
23 M. Higbie, E Corsini and D Budker, Rev. Sci. Instrui, 113106 (2006)
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High-duty cycle magnetometry with cold atoms in dark
optical tweezers

M. L. Terraciano, M. Bashkansky, F. K. Fatemi

Optical Sciences Division, Naval Research Laboratory, Wagon, DC

Dark optical traps for cold atoms are useful for precisiorasugements because they provide deep
potentials with reduced perturbations and low trap lasevgpaequirements. We have used blue-
detuned, high charge number hollow laser beams to cofifiRé for magnetometry and Faraday
spectroscopy. The hollow laser beams are crossed in a boovifguration, forming a deep (308),
large volume (0.1mm), box-like potential using only 200mW of laser power deti@®e2 nm from
resonance.

Magnetic field measurements are made by optically pumpiegtibm sample to a stretched magnetic
sublevel. The subsequent Larmor spin precession, propaitito the magnetic field strength, is
monitored by measuring the magneto-optic polarizatioation of a linearly polarized probe beam.
The trap is sufficiently deep to make several hundred meamnes of the magnetic field without
reloading the trap (Fig. 1). Such measurements provideldinre@monitor of the magnetic field. We
have used the precession signals to measure and compemsatetying magnetic fields to within
10 nT over a 400 ms time winddw We discuss optical properties of the traps and limits to the
interrogation time.

By dynamically scanning the crossed hollow bedmg can quickly sample the magnetic field over
an extended length. We discuss our work to make multiple nreasents over several millimeters in
a single loading cycle to provide both high spatial and terap@solution of the magnetic field.

(a)

Polarimeter

Hollow beam path

Polarimeter Output (arb)

Time (ms)

Figure 1:a) Hollow beam layout. b) Larmor precession signals over d¥0at a 500 Hz sampling
rate. Figures adapted from Ref. 1.

IM. L. Terraciano, M. Bashkansky, and F. K. Fatemi, Phys. Rev7 063417 (2008)
2F. K. Fatemi, M. Bashkansky, and Z. Dutton, Opt. Expr£5s3589 (2007)
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Magneto-optical Resonances in Atomic Rubidium in
Ordinary and Extremely Thin Cells

M. Auzinsh!, R. Ferbetl, F. Gahbauér, A. Jarmold, L. Kalvans , A. Papoyad, D. Sarkisyan

! _aser Centre,University of Latvia, 19 Rainis Boulevard;1586 Riga, Latvia
2Institute for Physical Research, NAS of Armenia, Astar2B3) Armenia

We present the results of an experimental and theoreticasiigation of nonlinear magneto-optical
resonances in atomic rubidium in an extremely thin vapds ¢EBITCs) and an ordinary cell. Magneto-
optical resonances can be bright or dark, depending on whjpkrfine transition is excited. Al-
though these sub-natural linewidth resonances have besmiior some timé, recent studies have
shown that their characteristics can change in dramaticwalzTCs. For example, it was reported
that the Cs 6, , Fy = 3 — F, = 4 transition appears dark in an ETC, even though it is bright in
an ordinary vapor cefl. ETCs have the useful property that they allow sub-Doppecsoscopy.
Thus, hyperfine transitions that are unresolved in ordicatis can be resolved in ETCs. One would
therefore expect that magneto-optical resonances woulhbier to interpret in ETCs. However, it
appears that new effects have to be taken into account. Ibéas suggested that collisions with
the walls of the ETC depolarize the excited state and thusgehthe course of the optical pumping
processes that lead to bright or dark resonafic@s test such theories and to further understand how
Doppler broadening, relaxation time, and other effectaiérfte the shape and contrast of the reso-
nances, we compare results from ETCs with those from orglicelts and from detailed calculations.
In our experiment, we use Rubidium vapor in an ETC of thicknesetween 150 nm and 1600
nm. The polarization of the exciting laser radiation is geglicular to the magnetic field, which was
scanned, and the fluorescence is observed in the directiog #he magnetic field. In order to test
how well our model can describe ETC behavior, we study resmemat different laser powers, beam
diameters, and wall separatiohsn both an ETC and an ordinary cell. The experimental resuks
compared to theoretical calculations based on the optilmaBequations, which have proven to be
well suited to describe the signals obtained in ordinanovagells*. By requiring the model to take
into account a variety of different parameters, it will bespible to understand any new effects that
should be taken into account when modelling magneto-dptsanances in ETCs.

We acknowledge support from the Latvian National ResearagrBmme in Material Sciences Grant
No. 1-23/50, the University of Latvia grant Y2-ZP04-100s tBRAF grant
VPD1/ERAF/CFLA/05/APK/2.5.1./000035/018, and the INTAfjects 06-1000017-9001 and 06-
1000024-9075. A. J., F. G., and L. K. acknowledge supporhftioe ESF project.

1J.-C. Lehmann and C. Cohen-Tannoudji, C. R. Acad. d. Saiis P88, 4463-4466 (1964) and G. Alzetta, A.
Gozzini, L. Moi, and G. Orriols, Il Nuovo Cimento B 36, 5 (1976

2C. Andreeva et al. Phys. Rev. A 76 063804 (2007)

3D. Sarkisyan et al., Opt. Commun. 200, 201 (2001)

4M. Auzinsh et al. arXiv:0803.0201v1 [physics.atom-ph]
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Error estimation for the generalized
Dykhne-Davis-Pechukas approach

G. S. Vasilev S. Guerifd, H. R. Jauslif

!Department of Physics, Sofia University, James Bourchieo@eé¥ard, 1164 Sofia, Bulgaria
2Laboratoire de Physique, UMR CNRS 5027, Universite de Rmrg, Boite Postale 47870, 21078
Dijon, France

This work presents an analytic results related to the Dykbag@s-Pechukas approach in the case
of more than one transition points situated on differenkSsdines. Davis and Pechukasave
suggested a generalization to include the contributicsma fll zero points lying on the lowest Stokes
line (the closest one to the real axis) in a coherent sum. Judgestion was later verified by Joye
2 Although not rigorously proved, Suominérhas shown that for the Demkov- Kunike models
the full summation, involving infinitely many transition ipts, leads to the exact result as for the
Landau-Zener model. We present a rigorous result for tHestuhmation of all transition points.
According to the geometry of the Stokes lines, we show tlagtneralized Dykhne-Davis-Pechukas
approach provides correct asymptotic probability for ribabatic transitions even when there are
some singularities of the quasienergy splitting, as folRbeen-Zener model.

1J. P. Davis and P. Pechukas, J. Chem. Phys. 64, 3129 (1976)
2A. Joye, G. Mileti, and C.-E. Pfister, Phys. Rev. A 44, 42809(1)9
3K.-A. Suominen, Ph.D. thesis, University of Helsinki, Fintl (1992)
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Controlling ultracold Rydberg atoms in the quantum
regime

B. Hezel, I. Lesanovsky, P. Schmelchér?

!Physikalisches Institut, Universitat Heidelberg, D-@91Heidelberg, Germany
2Institut fur Theoretische Physik, Universitat Innsbku@-6020 Innsbruck, Austria
3Theoretische Chemie, Physikalisch-Chemisches Indtiiversitat Heidelberg, D-69120
Heidelberg, Germany

The large size of Rydberg atoms affects their coupling tathemogeneous magnetic field of a com-
mon loffe-Pritchard trap and necessitates a two-bodyrreat. An analysis of the fully quantized
center of mass and electronic states reveals that verydagtiinement of the center of mass motion
in two dimensions is achievable while barely changing tleetebnic structure compared to the field
free case! This provides a prerequisite for generating a one-dimemsioltracold Rydberg ga3.

1B. Hezel, I. Lesanovsky and P. Schmelcher, Phys. Rev. 8@t223001 (2006);
Phys. Rev. A76, 053417 (2007)
2M. Mayle, B. Hezel, . Lesanovsky and P. Schmelcher, Phys. Rait. 99, 113004 (2007)
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F-Resolved Magneto-optical Resonances in Atomic
Cesium at D1 Excitation

M. Auzinsh, R. Ferber, F. Gahbauer, A. Jarmola, L. Kalvans

Laser Centre, University of Latvia, 19 Rainis Boulevard; 1386 Riga, Latvia

We present the results of a detailed experimental and ttiearénvestigation of bright and dark
nonlinear magneto-optical resonances at D1 excitatioriashi@ cesium in an ordinary vapor cell.
Although these effects have been known for some fipiscrepancies continued to exist between
theoretically predicted and experimentally observedbehavior. One reason was that, because of
Doppler broadening, several hyperfine levels contribuitedibaneously to the signals in the systems
that were studied previously. To clarify the discrepandaiethe literature, a system in which each
hyperfine transition could be studied separately was dasirdhe Cesium D1 line met this require-
ment because the separation between the different hypéatigls exceeds the Doppler width. At the
same time, in an ordinary vapor cell, these magneto-optasainances have widths that are less than
the natural linewidth.

In our experiment, cesium atoms were excited by linearhappéd laser radiation with its polar-
ization vector perpendicular to the magnetic field, whiclswaanned across zero. Laser induced
fluorescence was observed along the magnetic field direciR@sonances appeared at zero mag-
netic field. Signals were obtained for various beam diarsetehich are related to transit relaxation
time, and laser power densities. The experimentally obthsignals were compared to the results
of a theoretical calculation based on the optical Bloch &gns, which averaged over the Doppler
contour of the absorption line and accounted for the cauiidn of all hyperfine levels as well as
mixing of magnetic sublevels in an external magnetic fieldyreement between experiment and
theory was excellent and supported the traditional thesaleinterpretation, which attributed these
effects to optical pumping and to the relative strengthgargition probabilities between different
magnetic sublevels in a given hyperfine transition. Thi®tagcal model is now being applied to
understand these effects in Extremely Thin Céli$ nanometric dimensions, which are interesting
because they allow sub-Doppler spectroscopy and thus rpé&ssible to study more closely spaced
hyperfine transitions individually.

This work was supported in part by the Latvian National Rese&rogramme in Material Sciences
Grant No. 1-23/50, the University of Latvia grant Y2-ZP0d0l the ERAF grant
VPD1/ERAF/CFLA/05/APK/2.5.1./000035/018, and the INTAfjects 06-1000017-9001 and 06-
1000024-9075. A. J., F. G., and L. K. acknowledge supporhftioe ESF project.

1J.-C. Lehmann and C. Cohen-Tannoudiji, Comptes Rendus dadiie des sciences (Paris) 258, 4463-4466
(1964) and G. Alzetta, A. Gozzini, L. Moi, and G. Orriols, ILidvo Cimento B 36, 5 (1976)

2F. Renzoni et al., Phys. Rev. A 63 065401 (2001) and J. AlrisNAnAuzinsh, J. Phys. B 34, 3889 (2001)

3G. Alzetta et al., Journal of Optics B 3, 181 (2001) and A. \p®&an et al., J. Phys. B 36, 1161 (2003)

4D. Sarkisyan et al., Opt. Commun. 200, 201 (2001)
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Outcoupling of Cold Atoms by Finite-line-width Radio
Frequency Field

K. Harkdnen, O. Vainio, K.-A. Suominen

Department of Physics, University of Turku, FI-20014 Tuiknland

By use of an rf-field it is possible to couple different Zeensablevels of an atomic gas sample.
In an inhomogeneous magnetic field only certain sublevedstrapped. Therefore, atoms which
are driven by a weak outcoupling field from a trapped into atmappedMr =0 state fall freely
under gravity. This coherent beam of atoms emitted from thece of cold trapped atomic cloud
is referred to as atom laseUsing simultaneously multiple different rf-frequencimse can create a
set of atomic beams originating from spatially differergamance points. Because of the coherence
properties, these beams interfere with each other, whiclhea@bserved as a beat mode in the density
amplitudé.

We present a simple yet realistic model for such outcoumitenario using wave packet techniques
arising from a finite line width of the coupling. Furthermpoair approach gives a natural interpreta-
tion for the classically intuitive event of free fall of atsmwhile being consistent with the quantum
mechanical description.
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Figure 1: Analytical wave packet result for the density profile of twteifering atomic beams out-
coupled from a trap at the origin. Frequency difference @& toupling pulses is 500 Hz, and the
pulse duration is 10 ms.

1. Bloch, T. W. Hansch, and T. Esslingéxfom Laserwith acw OutputCoupler, Phys. Rev. Let82, 3008
(1999).

20. Vainio, C. J. Vale, M. J. Davis, N. R. Heckenberg, and H.iRsitein-Dunlop Fringespacingandphase
of interferingmatterwaves, Phys. Rev. &3, 063613 (2006).
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Fractional resonances of the)-kicked accelerator

Mark Saunders Paul L. Halkyard, Katharine J. Challis Simon A. Gardiner

' Department of Physics, Durham University,
Rochester Building, South Road, Durham DH1 3LE, United Hamg
2Lundbeck Foundation Theoretical Center for Quantum Sy&esearch,
Department of Physics and Astronomy, University of AarBi:8000Arhus C, Denmark

We consider the resonant dynamics in a dilute atomic gdsdalnder gravity through a periodically
pulsed, standing-wave laser field. This atom-optical saéibn of the quanturi-kicked accelerator
generalises our study into the effect of temperature up@nigun resonance and antiresonance
Modifying the laser potential to a walking-wave allows tlee@leration experienced by the atoms to
be tuned. We observe fractional resonances, with the teryperdependence shown in Figs. 1(a)—
(c). We explore the transition between temperature extseyeinvestigating the evolution of the

individual quasimomentum eigenstates [Fig. 1(d)]. Chagghe acceleration reveals a rich structure
of resonant phenomena [Fig. 1(e)]
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Figure 1: The atom-opticab-kicked accelerator, for an atom cloud with initial momemtudlistri-
bution of standard deviatiow %K (a) in the ultra-cold limit @ = 27'°); (b) at an intermediate
temperature ¢ = 27°%); (c) in the thermal limit ¥ = 2.5), for a fourth-order resonance (setting
effective acceleration parametél, = 1/4). The distributions are analysed by their standard devi-
ation: (d) over the quasimomentum range, for= 1/4; and (e) overQ2 for the|p = 0) subspace.
Gravitational acceleration is incorporated intQ.

1Saunders, Halkyard, Challis and Gardireinys. Rev. A6 043415 (2007)
2Saunders, Halkyard, Challis and Gardiriemprogress(July 2008)
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One-Dimensional Rydberg Gas in a Magnetoelectric Trap

M. Mayle!, B. Hezet, I. Lesanovsky, P. Schmelchér?

Theoretische Chemie, Physikalisch-Chemisches Indtiniversitat Heidelberg, D-69120
Heidelberg, Germany
2Physikalisches Institut, Universitat Heidelberg, D-@81Heidelberg, Germany
3Institut fir Theoretische Physik, Universitat Innsbkué-6020 Innsbruck, Austria

We discuss the quantum properties of ultracold Rydberg stiona magnetic loffe-Pritchard trap
which is superimposed by a homogeneous electric field. Thgnet loffe-Pritchard trap as the
basic ingredient of our setup allows very tight confinemdrthe center of mass motion in two di-
mensions while the electronic structure is barely changedpared to the field free cade’. This
paves the way for generating a one-dimensional ultracoldbBrsg gas by superimposing the mag-
netic loffe-Pritchard trap with an additional homogeneelextric field: Tightly trapped Rydberg
atoms can thus be created in long-lived electronic statebiéixg apermanent electric dipole mo-
ment of several hundred Debye. The resulting dipole-dipakraction in conjunction with the radial
confinement is then demonstrated to give rise to an effégtiree-dimensional ultracold Rydberg gas
with a macroscopic interparticle distaiceMoreover, analytical expressions for the electric dipole
moment and the required linear density of Rydberg atomsenieed.

1B. Hezel, I. Lesanovsky and P. Schmelcher, “Controllingadlold Rydberg Atoms in the Quantum Regime”,
Phys. Rev. Lett97, 223001 (2006)

2B. Hezel, |. Lesanovsky and P. Schmelcher, “Ultracold Rygbétoms in a loffe-Pritchard Trap”,
Phys. Rev. A76, 053417 (2007)

SM. Mayle, B. Hezel, |. Lesanovsky and P. Schmelcher, “Onex@isional Rydberg Gas in a Magnetoelectric
Trap”, Phys. Rev. Let99, 113004 (2007)
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Optical field Induced Faraday Rotation at Geophysical
Magnetic fields: Role of Electromagnetically Induced
Transparency

M. Ummal Momeen, G. Rangarajan, P. C. Deshmukh

Department of Physics, Indian Institute of Technology- MadChennai- 600 036, India.

In recent years there has been a significant interest in iy sf electromagnetically induced trans-
parency (EIT) in the presence of relatively high magnetitd§i€ ~50G) and optical field induced
Faraday rotatioh? 3. We examine the coexistence of EIT and Faraday rotationagitgesical mag-
netic fields. In the present paper, we report optical fieldigedl Faraday rotation ifYRb and®”Rb

D. lines by realizing a system. Weak probe and strong coupleidsihave been derived from two
external cavity diode lasers. The measurements were pegtbusing paraffin coated and uncoated
rubidium vapour cells at room temperature. An analysis eflihe shapes observed in the experi-
ments done with paraffin coated, and uncoated, vapour @lghabled us to assess the importance
of ground state coherence. The Doppler- broadened lineesisapnalysed as a function of probe
laser detuning for different magnetic fields. The line shelpgnges drastically when a magnetic field
of the order of a few mG is applied, which is due to the effedEldf on Faraday rotation.

IXiao-Gang Wei, Jin-Hui Wu, Gui-Xia Sun, Zhuang Shao, Zhi-Kang, Yun Jiang and Jin-Yue Gao 2005,
Phys. Rev. A72, 023806

2Bo Wang, Shujing Li, Jie Ma, Hai Wang, K. C. Peng and Min Xia®@®hys. Rev. A73, 051801(R)

3J. Dimitrijevié¢, A. Krmpot, M. Mijailovié¢, D. Arsenové, B. Pané, Z. Gruiji¢, and B. M. Jelenkovi 2008,
Phys. Rev. A77, 013814
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A multichannel second-order gradiometer for
cardiomagnetic field imaging

N. Castagng G. Bisor?, A. Hofer!, P. Knowles, C. Macchioné, J. L. Schenkér, A. Weis'

!Department of Physics, University of Fribourg, Fribourgyi&erland
2Biomagnetisches Zentrum, Univeisiklinikum Jena, Germany

We present the status of our optical multichannel magneEmesed to map the beating human
heart. Although SQUID-based devices already make suchurerasnts in a few medical centers
worldwide, the search for a new measurement method is ntetiviay the high cost of the LHe
cooling SQUIDs require. In our atomic Cs magnetometergyreasindicating the local magnetic field
is generated by the combined interaction of resonant dggigaping (using circularly polarized D
light) and magnetic resonance among thef6S4 Zeeman levels. Cs vapor is confined in a room-
temperature, evacuated, 30 mm diameter paraffin-coatesk Rgtl, produced by us. Intrinsic cell
sensitivities are individually measured and are in the ediig25 T //Hz. A compact array of cells
allows multichannel heart field measurements with spagsdlution of 50 mm.

The optical magnetometer array operates in an Al shieldedaemment, with earth-field cancellation
coils, however, the measurement performance is limitedkigrieal magnetic noise. A second-order
gradiometer arrangement permits direct feedback compiegdmear gradient variations of the ex-
ternal field. Currently, fully digital FPGA (Field Progranafole Gate Array) electronics drive an
eight-sensor array, with six measurement channels andedfepence sensors for the second-order
gradiometer. We can map38 x 40 cm area (36 points) above the chest in 15 minutes, a time much
shorter compared to our first apparatuBigure 1 shows typical signals (80 trace average) detected
by three sensors located above the chest of a healthy adult.
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Figure 1: Simultaneously recorded human magnetocardiogram signalssured at 50 mm separa-
tion using second-order gradiometers.

By the end of 2008, we will operate a 25-channel second-gdatiometer array whose 19 simulta-
neous measurement channels will be able to reduce the @myutéme for a full heart map to only
a few minutes. This optical magnetometer technology presiis be more affordable for hospitals,
and hence of interest for diagnosing heart disease.

Funded by the Velux Foundation, and the Swiss National $ei€oundation.

1G. Bison, R. Wynands, and A. Weis, Optics Expr&$s904-909, (2003)
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Nonlinear Faraday Effect for magnetometric applications

S. Pustelny, A. Wojciechowski, M. Kotyrba, J. Zachorowaki,Gawlik

Center for Magneto-Optical Research, M. Smoluchowskitlristof Physics, Jagiellonian
University. 30-059 Krakow, Poland

Modern optical magnetometers reach the sensitivity coaiparwith, or even exceeding that of
SQUIDs and find many spectacular applicatfondlonlinear Faraday Effect (NFE) is one of the
magneto-optical phenomena that find its use in sensitiveetagetry. It is based on light-intensity-
dependent rotation of the polarization plane of linearliagaed light propagating through a medium
placed in a magnetic field. The rotation results from ligidticed long-lived quantum superposi-
tions of Zeeman sublevels of atomic ground state. Undeligpsanditions, ultra-narrow resonances
(~ 107! T) are observed. The resonances allow measuring very wegketia fields with the
sensitivity reaching 10'° T/Hz'/2 2.

We report on our approach to optical magnetometry based @haifing at extending the dynamic
range without compromising on high sensitivity. Applicatiof light intensity modulation leads to
appearance of additional resonances at much stronger fiétdéa). The extra resonances have their
positions strictly determined by the modulation frequeang hence they can be shifted to the fields
of desired values. This significantly expands the range ofneagnetometer which is now bigger
than those of other optical magnetometers. With the figldking algorithm, we demonstrate the
ability of tracking static or slowly varying magnetic fielits a wide range (see Fig.1b). With the
non-optimized setup we show sensitivity of abdug 10~*% T/Hz'/2 in a dynamic range of about
7.5 x 107° T 3. We also discuss prospects of the technique for practigaicapions.
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Figure 1:(a) Signals of NFE with amplitude-modulated light. (b) Tkiaag of magnetic field with the
NFE magnetometer. Every 9 s magnetic field was increasdd by 10~° T. The inset blowout the
magnetic field steps and the resulting frequency response.

1D. Budker, M. V. Romalis, Nat. Phy§, 227 (2007).
2D, Budker, D.F. Kimball, S.M. Rochester, V.V. Yashchuk, aidZolotorev, Sensitive Magnetometry based
on Nonlinear Magneto-Optical Rotation, Phys. Rev62 043403 (2000).

3S. Pustelny, A. Wojciechowski, M. Gring, M. Kotyrba, J. Zacbwski, W. Gawlik, J. Appl. Phys103
063108 (2008).

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




“thebook” — 2008/7/8 — 13:08 — page 103 — #125

Atoms in External Fields MO50 Poster Session |: Monday, July 28

Precision Computation of High Resoloving Spectrum Near
lonization Threshold

Xiang Gad, Shao-Hao Chen Jia-Ming Li'*2

! Department of Physics, Shanghai Jiao Tong University, §hain200240, China
2Key Laboratory of Atomic and Molecular Nanosciences of Btioa Ministry, Department of
Physics, Tsinghua University, Beijing 100084, China

A new method is proposed to describe quantum dynamical psesein finite space by using of a
set of discretized complete basis. In this method, the feptce complete basis were obtained by
solving self-consistent field equation with reflecting bdary conditions. Such method can be used
in systems with non-separable Hamiltonians, eg. atomsamgtmagnetic field, and time dependent
dynamical problems, eg. atoms in high intensity laser figllillustrate the validity of the method,
we will present in the poster two examples: the theoretigkidation of high excited states spectrums
including continuum of Barium and Sodium.

We have calculated the spectrum of high excited statesdimgjucontinuum for Barium fronts?

to 6snp/6sep channel. In order to achieve the experimental resoldfien 0.3cm ! (FWHM), we
choose a large space size of 25000 bohr. The calculatechbpscillator strength is folded with a
normalized Gaussian function with the experimental lindttvi As shown in Fig. 1, our calculated
result has the same features as experimental.ofiée measured oscillator strength converges to
oscillator strength densities near the threshold and dstemoothly to continuum region.

We have also calculated a complete spectrum of opticallaswilstrength densities of Sodium for
dipole transitions fronBs state to final states gf channel, including infinite Rydberg series and
adjacent continuum states. As shown in Fig. 2, the caladif@tsult is in agreement with experimental
result$'® below the well known Cooper-minima. The position of the Cemsminima is in good
agreement with experimental results. The difference betvtiee experimental and theoretical result
above the Cooper-minima has been discussed in detail inelierevork$°.

As a summary, we can use the finite space complete basis ntetbdodrecision computation of the
high excited states spectrums including continuum. Furttee, using the same basis, we can solve
the magnetic field problems by adding the diamagnetic matgments. We can also generate the
Green’s function of the systems using this basis to solve tiependent dynamical problems.

1K. T. Lu., F. S. Tomkins. and W. R. S. Garton., Proc. R. Soc68,3121(1978).

2R. D. Hudson et al., J. Opt. Soc. Am., 57,651 (1967).

3G. V. Marr., D. M. Creek. Proc. R. Soc. A.304, 245(1968).

4X.Y. Han., X. Gao. and J. M. Li., Phys. Rev. A 74, 062710(2006)

5W. H. Zhang., X. Gao., X. Y. Han. and J. M. Li., Chin. Phys. Le2t, 2230 (2007).
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Efficient broadband de-excitation of Rydberg atoms with
half-cycle pulses

P. K. Mandal, K. Afrousheh, A. Speck

The Rowland Institute at Harvard, Harvard University, Caidbe, MA 02142, USA

We report on progress towards demonstrating populatidsetréziition of Rydberg atoms using a train
of unipolar terahertz bandwidth pulses (half-cycle pulsssnitially proposed by Hu and Collihsin
principle this broadband technique should allow for theceffit de-excitation of antihydrogen atoms
from the currently produced mix of excited states to the gdostate which is a necessary prerequisite
for a CPT comparison with hydrogén

To produce a train of unipolar pulses with pulse widths sotthan the 10 ps orbit period of an
atom inn ~ 40 and with a repetition rate allowing for many pulses withie iifetime of an op-
tically excited atom £ ~ 75us), we have developed and characterized a system based on GaA
photoconductive switches pumped by a femtosecond osxillat this technique, the GaAs wafer is
biased using aluminum electrodes produced using phatglitphy. When carriers in the wafer are
then excited by the femtosecond pulse they are accelergtételelectric field and radiate a short
pulse. Due to the asymmetry between excitation by a shosepahd the long carrier lifetime of
semi-insulation GaAs, the radiated field is primarily udgso For the final experiment, a cloud of
ultracold®Rb atoms are then excited to a Rydberg state, allowed to irnteitttthe 80 MHz pulse
train of half-cycle pulses, and the final state distribuidmeasured as a function of the pulse train
parameters.

Initial demonstrations of the techniques used for the gaiwr of half-cycle pulses and Rydberg
atom production will be described. We will also report ortffier developments of novel techniques
utilizing the unipolar magnetic field of the half-cycle pelsThese are useful both for probing mag-
netic systems as well as for terahertz radiation detectors.

1S. X. Hu and L. A. Collins, “Redistributing populations of &yerg atoms with half-cycle pulseshys. Rev.
A 69, 041402 (2004).

2G. Gabrielse, N.S. Bowden, P. Oxley, A. Speck, C.H. Story, Tan, et al., “Driven Production of Cold
Antihydrogen and the First Measured Distribution of Antihggen States,Physical Review Letter89, 233401
(2002).
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Magnetic interactions of cold atoms with anisotropic
conductors

T. David', Y. Japha, V. Dikovsky', R. Salem, C. Henkef, R. Folmari

!Department of Physics, Ben-Gurion Universityof the NeBe@r Sheva, Israel
2Institut fur Physik, Universitat Potsdam, Potsdam, Ganym

We analyze atom-surface magnetic interactions on atons etiigre the magnetic trapping potentials
are produced by current carrying wires made of electricaiigotropic materials. We discuss a theory
for time dependent fluctuations of the magnetic potenti@iray from thermal noise originating from
the surface. It is shown that using materials with a largetgéal anisotropy results in a consider-
able reduction of heating and decoherence rates of ultchatoms trapped near the surface, of up to
several orders of magnitde. The trap loss rate due to spaiflipxpected to be significantly reduced
upon cooling the surface to low temperatures. In additioa glectrical anisotropy significantly sup-
presses the amplitude of static spatial potential corfagatue to current scattering within imperfect
wires. Also the shape of the corrugation pattern depends®electrical anisotropy: the preferred
angle of the scattered current wave fronts can be variedeowéde range. Materials, fabrication, and
experimental issues are discussed, and specific candidateiafs are suggested.
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Level-crossing transition between mixed states

B. T. Torosov, N. V. Vitanov'>2

'Department of Physics, Sofia University, James Bourchidvd, 1164 Sofia, Bulgaria
2Institute of Solid State Physics, Bulgarian Academy ofr8eis, Tsarigradsko chaussée 72, 1784
Sofia, Bulgaria

The Landau-Zener modef is conventionally used for estimating transition probiéis in the pres-
ence of crossing levels. Nevertheless, because of thetefioration of the coupling in this model,
the propagator involves a divergent phase. It has been stimtithis phase causes undefined pop-
ulations in the degenerate Landau-Zener mibdéh this work we show that even in the original
Landau-Zener model we have undefined populations when wendisapure superposition states
or with mixed states. We show that the Allen-Eberly médz=in be used as an alternative to the
Landau-Zener model to describe the dynamics of such leessing problents

1L. D. Landau, Physik Z. Sowjetunio®, 46 (1932).

2C. Zener, Proc. R. Soc. Lond. Ser.187, 696 (1932).

3G. S. Vasiley, S. S. lvanov and N. V. Vitanov, Phys. Re7 013417 (2007).

4L. Allen and J. H. EberlyDptical Resonancend Two-Level Atoms (Dover, New York, 1987).
5B. T. Torosov and N. V. Vitanov, to be published.

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




“thebook” — 2008/7/8 — 13:08 — page 107 — #129

Optical Lattices MO54 Poster Session |: Monday, July 28
Dark dynamic acousto-optic ring lattices for cold atoms

N. Houston, E. Riis, A. S. Arnold

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

We propose a straightforward method for the generation whohic dark optical ring lattices, without
requiring Laguerre-Gauss beams, spatial light modulatarge optical coherence lengths or inter-
ferometric stability. Simple control signals allow theagtites to be reproducibly rotated about the
beam axis and spatially modulated, offering manifold duBges for the creation of complex dy-
namic lattices. We demonstrate the optical realizatiorheé ring lattices as rastered 2D intensity
distributions from a single laser beam, which, in conjumttivith a magnetic trap, will enable preci-
sion trapping and manipulation of ultracold species using-detuned light. The technique is ideal
for azimuthal ratchet, Mott insulator and persistent autr@xperiments with quantum degenerate
gases. We compare and contrast our scheme to other relatsioees. 2

o E |

Figure 1:Experimental relative intensity distribution (area (4 mm)?, exposure 1ms), correspond-
ing least-squares theoretical fit and fit residue. See Refor optlcal lattice movies comparing
experimental and theoretical rotation and amplitude matioh.

1S. Franke-Arnold et al., Opt. Expre$s, 8619 (2007).
23, K. Schnellest al., Opt. Expresd6, 1405 (2008).
Swww.photonics.phys.strath.ac.uk/AtomOptics/AOFentis|
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Non-equilibrium quantum dynamics of bosonic atoms in
an optical lattice

A. D. Martin, J. Ruostekoski

School of Mathematics, University of Southampton, SO17SMBidhampton, United Kingdom

We study the effect of quantum and thermal fluctuations olehiosatom dynamics in optical lattices
within the truncated Wigner approximation in a shallowpstyly confined 1D optical lattice. This

provides means to investigate the validity of the classBralss-Pitaevskii equation in optical lattices.
We study the loss of the phase coherence of atoms along tfeeatnd the reduced atom number

fluctuations in individual lattice sites. We also addressatyical quantum state preparation methods
in such systems.
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Coherent delocalization of matter waves in driven lattice
potentials: a new tool to engineer quantum transport over
macroscopic distances

A. Alberti, V. lvanov, G. M. Tino, G. Ferrari

Dipartimento di Fisica and LENS - Universita di Firenze, RNNFM,
INFN - Sezione di Firenze, via Sansone 1, 50019 Sesto Fioceritaly

We present the first experimental demonstration of the \Wariiark intraband transitions and their
application to the control of quantum transport in lattioégmtials. Atomic wave packets loaded into
a phase-modulated vertical optical-lattice potentiaileita coherent delocalization dynamics arising
from intraband transitions among Wannier-Stark levelsnhifr-Stark intraband transitions are here
observed by monitoring the in situ wave-packet extent. Bying the modulation frequency, we find
resonances at integer multiples of the Bloch frequency hadesonances show a Fourier-limited
width for interrogation times up to 15 gleft figure). Under non-resonant driving of the lattice pha
we coherently control the spatial extent of the wavefumctg reversibly stretching and shrinking
the wavefunction over a millimeter distafiggight figure). The remarkable experimental simplicity
of the scheme would ease applications in the field of quantansport and quantum computing. We
also found that the resonant tunneling process at the biis BVannier-Stark intraband transitions
can be used to determine the gravity acceleration with gub-gensitivity and sub-millimeter spatial
resolution.

spatial extent (arb. units)

540 550 560 50 580 590 600 610
modulation frequency (Hz)

resonance width (Hz)
o

o
o
g

100 1000 10000
modulation time (ms)

Figure 1:Left: resonance widtlh' (see also inset) VS the modulation time T. The line corredptm
the expected Fourier limit. Right: reversible stretchirfglee atomic distribution under non-resonant
driving

1“Coherent Delocalization of Atomic Wave Packets in Driveaitice Potentials* V. V. Ivanov, A. Alberti, M.
Schioppo, G. Ferrari, M. Artoni, M. L. Chiofalo, G. M. Tinohlps. Rev. Lett. 100, 043602 (2008).

2“Engineering the quantum transport of atomic wavefunctiomer macroscopic distances* A. Alberti, V. V.
Ivanov, G. M. Tino, G. Ferrari, arXiv:0803.4069v1 [quarit}p
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Coherent Dynamics of BECs in Periodically Driven
Optical Lattice

A. Zenesint-3, H. Lignier2, D. Ciampini3, O. MorscH*?, E. Arimondd >

! Dipartimento di Fisica Enrico Fermi, Universita degli $fidi Pisa, Largo Pontecorvo 3, 1-56127
Pisa, Italy
2CNR-INFM, Largo Pontecorvo 3, I-56127 Pisa, Italy
3CNISM Unita di Pisa, Largo Pontecorvo 3, I-56127 Pisa, ytal

In recent years, Bose-Einstein Condensates (BECs) ofeichGases have become a versatile tool
for studying many-body systems. Starting from the simpkesy of interacting particles in a trap,
different techniques can be used to modify the system’s Hamign, for example by adding an
optical lattice or a magnetic field.

In recent works ] the possibility of usingdynamic rather than static control of the dynamics of a
BEC inside an optical lattice has been demonstrated. Bygieslly shifting back and forth the
position of an optical lattice, it is possible to coherertontrol the external degrees of freedom of
the BEC, leading to a change in the inter-site tunneling @bdhy. In the Bose-Hubbard model, the
general Hamiltoniarf can be written in terms of the on-site enefgyand the tunneling raté. The
effect of the shaking is a renormalization Hfdepending on the strengfki and the frequency of
the driving,

H= +% D iy (i = 1) = Jepr y (e + )
J (1,3)

with Jesr = Jo(K/w)J andJy is the zero-th order Bessel Functidih. [
This renormalization off adds an additional degree of control over the system, buddimplexity of
the resulting (quasi-)energy spectrum of the shaken syatemintroduces difficulties and limits to
how the system can be adiabatically prepared and coheramilyolled under these circumstances.
Here we present our latest experimental results regarbsngdherent control and adiabatic prepara-
tion in different configurations and dimensionalities wathiew to the the possibility of realizing the
superfluid-Mott insulator phase transition in the driveateyn.

1H. Lignier et al,Dynamical Control of Matter-Wave Tunneling in Periodic @atials Phys. Rev. Lett. 99,
220403 (2007)

2A. Eckardtet al., Superfluid-Insulator Transition in a Periodically DrivenpBcal Lattice Phys. Rev. Lett.
95, 260404 (2005)
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Coherence modulation at quantum resonances oFkicked
rotor

A. Tonyushkirt, M. Hafezi', S. Wi, M. G. Prentiss

! Department of Physics, Harvard University, Cambridge, MA88, USA
2NIST, Gaithersburg, MD 20899, USA

In recent experimentsve have demonstrated coherence preservation for an ekstabea atom in-
terferometer interacting with periodic kicks delivered by an opticalieg potential. This coherence
preservation manifests itself in high contrast peaks inrterferometer signal that occur when the
kicking period corresponds to the quantum resonances ofatgm kicked rotat. The observed
resonances are accompanied by fringes on a finer time sch&typical signal vs the normalized
kicking periodr in the vicinity of quantum resonance & ) is shown in Fig. 1.
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Figure 1:Fringes at the quantum resonance (initial phase shifti.

We analyzed these fringes for high pulse are¢as-( 10) and quasi-random perturbation regimes.
We distinguish two cases depending on the initial condétiahthe start of the kicks. If the delay
between the interferometer pulse and first kick correspémesor 27 phase shifts then the fringes
have a maximum at the exact quantum resonances indeperideatperturbation strength on the
other hand, if the delay corresponds to/ phase shift, fringes have local minimum at the resonance
and its height depends on the perturbation strefigth the latter case the amplitude of the “dip” vs
the number of kicksV resembles the theoretically predicted “fidelity freeze”.

Our observations show an unambiguous manifestation ofteef@rometric nature of quantum reso-
nances seen in previous quantum kicked rotor implemengitid he resonance nature and sensitivity
of the observed fringes to the external potentials provadsensitive tool for precision measurement
of recoil frequency and gravity.

IA. Tonyushkin, S. Wu, and M. Prentiss, arXiv:0803.4153; Su,WA. Tonyushkin, and M. Prentiss,
arXiv:0801.0475 submitted to PRL.

2S. B. Cahngtal, “Time-domain de Broglie wave interferometry”, PRB, 784 (1997).

SF. M. Izrailev and D. L. Shepelyanskii, “Quantum Resonarareaf Rotator in a Nonlinear Periodic Field”,
Sov. Phys. Dokl. v.24, p.996 (1979).

4F. L. Moore,etal, “Atom optics realization of the quantum delta-kickedord, PRL 75, 4598 (1995).
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Andreev-like reflections and metastable many-body states
with cold atoms in optical lattices

A.J. Daley?, A. Kantiant*?, P. Torma, B. Trauzettel, P. Zoller:?

Hnstitute for Quantum Optics and Quantum Information of Aestrian Academy of Sciences,
A-6020 Innsbruck, Austria
?Institute for Theoretical Physics, University of Innsbku&-6020 Innsbruck, Austria
3Department of Engineering Physics, P. O. Box 5100, 02015iktk|University of Technology,
Helsinki, Finland
“4Institute of Theoretical Physics and Astrophysics, Ursiitgrof Wiirzburg, D-97074 Wiirzburg,
Germany

Cold atoms in optical lattices offer clean realisations @y microscopic lattice models, with ex-
cellent control over the system parameters and a varietgabiniques to measure the properties of
the system. In addition, they exhibit only weak dissipafivecesses, resulting in long coherence
times. This will allow new aspects of time-dependent cohiengany-body dynamics to be probed
in an experiment. Here we present two examples of how diitesspects of many-body dynamics
could be probed in these systems.

The first concerns making connections to phenomena preldicitenot observed in mesoscopic trans-
port systems, via observation of the propagation of an @it through the system. We specifically
look at Andreev-like reflections, or reflections of negatilensity waves, which are predicted to occur
in mesoscopic transport systems at boundaries where camgwath different interaction character-
istics are connected (e.g., a quantum wire connected t@)ledlle propose a setup in which such
reflections could be observed time-dependently with cadchatin a 1D optical lattice, with a bound-
ary engineered at which the interaction strength chande&/ging time-dependent DMRG methods,
we calculate the transport of a density excitation with tbetext of the Bose-Hubbard model. We
compare the resulting reflections with predictions fromtinger liquid models, and observe strong
Andreev-like reflections in experimentally attainableinegs.

In the second we investigate the formation of long lived mbagly metastable states and the inves-
tigation of related quantum phases. In particular, we aidsystems of Atomic Lattice Excitons
[2], bound metastable particle-hole pairs that are ana&sgi excitons in semiconductor systems,
but make use of the fact that cold atoms in optical latticewige a cleaner representation of the
underlying microscopic models. Such a system would not oraite it possible to observe superfluid
properties of an system of excitons, but also exhibit a atlyse phase, which arises due to the large
difference in tunnelling rates between atoms in differartds of an optical lattice.

[1] A. J. Daley, P. Zoller, and B. Trauzettel, Phys. Rev. L&60, 110404 (2008).

[2] A. Kantian, A. J. Daley, P. Torma, and P. Zoller, New 8yB9, 407 (2007).
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Bragg spectroscopy of cold atom gases in optical lattices

D. Clément, N. Fabbri, L. Fallani, C. Fort, M. Modugno, K. R. van der Stam, M. Inguscio

LENS European Laboratory for Nonlinear Spectroscopy armmbBBimento di Fisica, Universita di
Firenze, via Nello Carrara 1, I-50019 Sesto Fiorentino (Ataly.

The dynamic structure facta®(q,w) provides an important characterization of the dynamic be-
haviour of quantum many-body systems. In the case of gadeoss-Einstein condensates it pro-
vides information both on collective excitations (at lowmmentum transfeq) and on the momentum
distribution (at high momentum transfgy where the response is single-particle like, thus fullyreha
acterizing the excitations of the system. Bragg spectms@d cold atomic gases, which consists
in coupling two momentum states of the same ground state kiynalated two-photons transition,
gives such a measurement$fq, w).

The use of optical lattices with cold atomic gases has prtwée a very useful tool in the past years.
It allows to change the dimensionality of these systems amdlysthe transition from a superfluid
in the presence of a lattice, where the Bloch band picturéespio a strongly-correlated insulating
state, the Mott phase. We are interested in characterizisg#instein condensates loaded in optical
lattices via the measurement of their dynamic structurefdry means of Bragg spectroscopy.

We first have studied the Bragg spectra of 3D and 1D Bose-&imsbndensates in the presence of an
optical lattice along the direction of the counter-progagpBragg beams. From the measurements,
we extract the resonance frequency, the width and the timmstrength of the transitions to different
Bloch bands of the optical lattice. We have also measuredjiketra of 1D gases for different trap
anisotropiesj.e. different Luttinger parameters. In particular, we obseaveenlargement of the
width of those spectra when the anisotropy increases whualtdde a signature of the presence of
correlations.
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Towards Studying Quantum Spin Systems with Ultracold
Bosons in an Optical Lattice

D. Pertot, B. R. Gadway, D. Greif"?, R. D. Schillef, D. Schneblé

!Department of Physics and Astronomy, SUNY Stony Brook,
Stony Brook, NY 11794-3800, USA
2Present address: Institute for Quantum Electronics, ETHc
8093 Zurich, Switzerland

We present our progress towards the experimental study afitgm spin systems using ultracold
bosonic atoms in an optical lattice. In the limit of weak hiogyp the two-component Bose-Hubbard
model can be mapped to an effective séin‘(XZ Heisenberg mod&?, which can be realized, for
example, by atoms of a single species in two different hyperstates in a state-dependent optical
lattice.

Our new transporter apparatus routinely produces quasifd®Rb Bose-Einstein condensates with
up to10° atoms. The movable quadrupole trap coils transport the-tassed atoms from the MOT
to the science cell, and serve both as part of the MOT and dsop#éne moving-coil TOP trap
(McTOP). Compared to other magnetic trap geometries, thie ffap allows for good optical access
and also is insensitive to the exact positioning of the quale coils.

We avoid the atomic micro-motion intrinsic to TOP trajhy transferring a cold thermal cloud from
the McTOP trap into a crossed optical dipole trap (XODT) a&4.@m, where the final evaporation
is performed before the optical lattice is adiabaticalipped up. The two linearly polarized XODT
beams not only provide external confinement, but they canbsscontinuously converted into lattice
beams by rotating the polarization of the retro-reflecteainte relative to the incoming beams via
liquid-crystal variable retarders. Together with a thivéytical lattice beam, a three-dimensional
simple cubic lattice potential is formed.

We will discuss our recent experimental progress in attgitine superfluid to Mott insulator transi-
tion*, and in creating and characterizing the= 1 Mott insulator state as the starting point for our
future studies.

1L.-M. Duan, E. Demler, and M. D. Lukin, Phys. Rev. L&il, 090402 (2003)
2J. J. Garcia-Ripoll and J. 1. Cirac, New J. Ph§s76 (2003)

3J. H. Milleretal., Phys. Rev. Let85, 4454 (2000)

4M. Greineretal., Nature415, 39 (2002)

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




“thebook” — 2008/7/8 — 13:08 — page 115 — #137

Optical Lattices MO62 Poster Session |: Monday, July 28

Observing time reversal in accelerated optical lattices
dressed by amplitude modulation

A. Alberti, V. lvanov, G. M. Tino, G. Ferrari

Dipartimento di Fisica and LENS - Universita di Firenze, RNNFM,
INFN - Sezione di Firenze, via Sansone 1, 50019 Sesto Fineeritaly

Cold atoms in accelerated optical lattice potentials ugbe rise to localized states, the Wannier-
Stark states. Delocalization can be recovered by introduairesonant coupling among neighboring
lattice sites but so far this was demonstrated only applgimgodulation to the phase of the lattice
potential®*2. This results in the coupling at all the orders of the neightpsites, for instance the
first, the second, the third, and so on neighboring sitesh®wther hand in many situations it would
be preferred a pure nearest neighbor coupling to reprodhgceght binding model.

We show theoretically and experimentally that modulating amplitude of an accelerated lattice
potential at appropriate frequencies allows to implemenira nearest neighbor coupling among the
lattice sites. This gives rise to the coherent delocalizatf the trapped atoms and additionally it
allows to realize an exacosineenergy band. Taking advantage of the specific band dispevso
experimentally demonstrate the time reversal in the exparaf a thermal atomic sample trapped in
the optical lattice.

We will also discuss a new measurement of possible devafrom the Newtonian gravity potential
at micrometric distances based on cold atoms trapped bfsitiaes dressed by amplitude modula-
tion.

1“Coherent Delocalization of Atomic Wave Packets in Driveaitice Potentials* V. V. Ivanov, A. Alberti, M.
Schioppo, G. Ferrari, M. Artoni, M. L. Chiofalo, G. M. Tinohlps. Rev. Lett. 100, 043602 (2008).

2“*Observation of Photon-Assisted Tunneling in Optical lcats,C. Sias, H. Lignier, Y. P. Singh, A. Zenesini,
D. Ciampini, O. Morsch, and E. Arimondo, Phys. Rev. Lett. 1040404 (2008)
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Interacting bosons in an optical lattice

O. Fialko, K. Ziegler

Institut fur Physik, Universitat Augsburg, Augsburg,r@any

We study a strongly-interacting Bose gas which can be teaydocally paired spin-1/2 fermions
. This effective fermion model is analyzed in terms of a méalt approximation and Gaussian
fluctuations. The mean-field solution gives us the phasealagvith the two merging Mott insulators
and an intermediate superfluid. The effects of quantum aedrtl fluctuations are investigated.
Coherent and incoherent branches in the excitation specira found (see Fig. 1). We also consider
formation and dissociation of these paired fermionic malies?.
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Figure 1:Phase diagram (left) and excitation spectrum (right).

10. Fialko, Ch. Moseley and K. Ziegler, “Interacting bosonsih optical lattice: Bose-Einstein condensates
and Mott insulator.”, Phys. Rev. A 75, 053616 (2007).

2K. Ziegler, “Spin-1/2 fermions: crossover from weak to sgattractive interaction.”, Laser Physics 15, No.
4, 650-655 (2005).
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Staggered-vortex superfluid in an optical lattice

Andreas Hemmerich Lih-King Lim?2, Cristiane Morais Smith

Hnstitut fir Laser-Physik, Universitat Hamburg Lurup8haussee 149, 22761 Hamburg, Germany
2Institute for Theoretical Physics, Utrecht University0B5TD Utrecht, The Netherlands

Solid state systems at low temperatures may possess exatituin phases, which involve order pa-
rameters with unusual symmetries. One example is the pessib_,»-wave symmetry (staggered
flux) in cuprate superconductdrsCan optical lattices assist to explore the realms of suemigm
phases with manageable experimental complexity? As an@gasuggesting a positive answer, we
discuss how a simple bichromatic light-shift potential b@used to apply angular momentum with
alternating signs to the plaquettes of a two-dimensionahsgjoptical latticé. We show that in this
scenario the dynamics of cold bosonic or fermionic parsicéedescribed by a Hubbard model with
an additional effective staggered magnetic field. For bssbesides the uniform superfluid and Mott
insulating phases, known from the conventional Bose-Hubbzodel, the zero-temperature phase
diagram exhibits a novel kind of finite-momentum superfluichge, characterized by a quantized
staggered rotational flux in each plaquetteAn extension for fermionic atoms, which leads to an
anisotropic Dirac spectrum, may be relevant for the physfagraphene and higfiz superconduc-
tors.
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Figure 1:Phase diagram with respect to the chemical potentiathe interaction parametel/, the
hopping amplitude/, and the scaled magnetic flik.

1]. Affleck and J. B. Marston, Phys. Rev. &, 3774 (1988).
2A. Hemmerich and C. Morais Smith, Phys. Rev. L&8, 113002 (2007)
SL.-K. Lim, C. Morais Smith, and A. Hemmerich, Phys. Rev. Ldb0, 130402 (2008)
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Mesoscopic Aspects of Strongly Interacting Cold Atoms

S. D. Hubet?, G. Blattet

Theoretische Physik, ETH Ziirich, CH-8093 Ziirich, Switrel
2Centre Emile Borel, Institut Henri Poincaré 11, rue PiegeMarie Curie, 75005 Paris

We investigate the heat transport in a heterostructureapprd bosonic atoms subject to an optical
lattice. At finite temperature, the exchange of heat or gntletween different superfluid shells in a
wedding cake structure is exponentially suppressed wélsire of the Mott layer. However, up to
a critical hopping amplitude, < t., smaller then the critical hopping for the bulk Mott traiwsit, a
finite undamped heat current can flow. We discuss the impicatf our findings on the temperature
aspects in recent experiments.
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Quantum dynamics of matter wave emission in optical
lattices

I. De Vega, D. Porras, J. |. Cirac

Max-Planck-Institut fir Quantenoptik, Hans-Kopferma®im 1, Garching, D-85748, Germany

In this work we show that with atoms in an optical lattice ipissible to observe a broad spectrum
of different phenomena usually related to light-matteerattions. Here, the role of the matter is
played by the absence/presence of one atom in the grourdostdite optical potential, whereas the
role of light is played by weakly—interacting atoms in a €ifént internal state which are trapped
by a different optical potential. The coupling between thdso systems is induced by a laser,
which simply connects the two internal states of each atosmwa will show, the Hamiltonian that
describes this situation is very similar to that descrilitmginteraction between two—level atoms and
the electromagnetic field within a photonic crystal.

By changing the laser and optical trapping parameters ibssiple to drive the system to different
regimes where a rich variety of phenomena can be observesseTihclude the spontaneous polar-
ization of the system predicted by the mean field theorygectille effects in the emission of atoms
from the lattice, and the formation of a bound trapped—umteal atom state, analogous to the atom—
photon bound state that appear when atoms within a photoystat (PC) emit photons within the
gap region. Moreover, it is possible to reach a regime in tviveakly confined atoms drive atom—
atom interactions between strongly confined ones, givisg 1o effective Coulomb-like interactions
between them.
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Soliton in a lattice emerging from quantum mechanics

J. Javanainen, U. Shrestha

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

We study a soliton in an optical lattice containing bosonana quantum mechanically, using both
an exact numerical solution and Quantum Monte Carlo (QM@fations. The computation of the
state is combined with an explicit theory for the measuramehthe numbers of the atoms at the
lattice sites. In particular, it turns out that importanaenpling in the QMC method produces faithful
simulations of the outcomes of individual experiments. latice-translation invariant system, under
circumstances when classically the ground state is a kmmhkoliton, the quantum ground state is
invariant under lattice translations and favors no paldiclocation. Nonetheless, measurements of
the positions of the atoms break the translation symmetiypaoduce a localized atom distribution.
Besides demonstrating our view that measurements are éme togit generates the import of nonlin-
ear phenomena from linear quantum mechanics, this lineofyit also opens up new problems. For
instance, quantum fluctuations of the atom numbers in aosotlirectly contradict the Bogoliubov
theory.
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Robust quantum phases via three-body recombination

J. M. Taylot, A. J. Daley®, S. Diehf2, P. Zoller®

! Department of Physics, Massachusetts Institute of TeoggoCambridge, MA 02138, USA
2Institute for Quantum Optics and Quantum Information, AestAcademy of Sciences, A-6020
Innsbruck, Austria
3Institute for Theoretical Physics, University of Innsbku&-6020 Innsbruck, Austria

Cold atoms in optical lattices have the potential to simauavariety of interesting condensed matter
systems. However, prior work has been limited to elastic-wdy interactions and higher order,
perturbative generation of three- and four-body termscivlaire necessary to implement a variety
of exotic quantum phases. We consider an inelastic but eotbative three-body interaction in
optical lattice—three-body recombination—in the contekthe lowest band of the Bose-Hubbard
model. We find that fast recombination leads to an effectie®ty in which no more than two atoms
are allowed per lattice site, and use this constraint to @aipreviously inaccessible regions of the
phase diagram. We also consider the dynamic generatiorvef pbases such as a dimer superfluid,
described in this work, by adiabatically changing intei@acparameters from the well-known Mott
insulator phase.
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A quantum gas microscope for the simulation of
condensed matter systems

J. Gillen>2, A. Pend'?, W. Bakr"2, S. Folling"2, M. Greinef+?

! Department of Physics, Harvard University, Cambridge, MA88, USA
2Harvard-MIT Center for Ultracold Atoms, Cambridge, MA 0BLRJSA

Ultracold atoms in optical lattices provide an exciting nepportunity to study condensed matter
physics. These systems are very clean and controllablealéowd for the implementation of ideal-
ized theoretical models with high fidelity. Compared to tgbireal crystals, the lattice spacings of
the optical potential are increased by at least three ofarsagnitude, bringing optical single site
addressability within reach. With such an optical resolutiimaging atoms on single lattice sites
allows direct detection of quantum states such as the Mstilator and antiferromagnetic states or
excitations such as spin waves. Additionally it would eedhk projection of arbitrary potential land-
scapes with high spatial frequency as well as efficient alpatiesolved manipulation of the atomic
ensemble in the trap.

We present our implementation of a quantum gas microscoprperimentally realize high resolu-
tion imaging and spatial addressability of a rubidium atareesnble loaded into an optical lattice.
Very good optical access to the atoms combined with solid énsion—like geometry is expected
to provide an imaging resolution of about @.&. Due to the small depth of field, we realize a
two-dimensional quantum gas inside a novel opto-magneti@ace trap using an evanescent wave
potential. Despite being only/am from a glass surface, the condensate exhibits lifetimésnsf of
seconds and very low heating rates in this trap.

To create the lattice potential, a projection approachgubimlographic phase masks is developed.
Here, the lattice sites are produced by projecting an iitiepattern through the microscope optics,
allowing for high flexibility in the lattice geometries. Imalogy to these intensity patterns, phase
patterns can also be created. We apply this method to cahetamsfer angular momentum to the
atom cloud and to produce vortex patterns such as vortexeatex pairs or spin textures. Vortex
patterns with arbitrary geometry can be created and aretdeteising a matter-wave interference
technique.
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Numerical study of Bose-Fermi mixtures in a 3D optical
lattice based on the Gutzwiller approximation

M. Yamashitd, M. W. Jack, K. Igeta’, Y. Tokurd

INTT Basic Research Laboratories, NTT Corporation, 3-1 Mosato-Wakamiya, Atsugi-shi,
Kanagawa 243-0198, Japan
2Scion, 49 Sala Street, Private Bag 3020, Rotorua, New Zdalan

Mixtures of bosonic and fermionic species show the novehtjua effects originated from the inter-
play between quantum statistics and many-body intergaiititeractions. Quite recently, K. Gunter
et al. studied the quantum phase transition of bosons from a sujoktdl a Mott-insulator (MI) using

a mixture of bosoni¢”Rb and fermionic¢!°K atomic gases trapped in a three-dimensional optical
latticel Measuring the interference patterns of time-of-flight imsghey found that only 10% ad-
mixture of fermions diminishes the phase coherence of lmswhich suggests a strong correlation
between both species in the mixture.

We have quantitatively analyzed these experimental &'swih the basis of the three-dimensional
Bose-Fermi Hubbard model with harmonic confinement. A higtfficient numerical method based
on the Gutzwiller approximatiof is employed to obtain the many-body ground state of large 3D
systems with more that0® lattice sites. Figure 1 shows the results of the average audistribution

of atoms in they = 0 plane assuming strongly interacting?2 x 10° bosons and 0" fermions in

the system. In Fig. 1(a), due to the attractive interactlmts/een bosons and fermions, all fermionic
atoms localize around the center of lattices and form thel asulator (Bl) state (i.eq; = 1).
While in Fig. 1(b), the distribution of bosons is dividedantiwo regions: the high density region
around the centemnf =~ 5) where bosons and fermions coexist and the outer Ml regior=(1, 2).

Our calculated results quantitatively demonstrate batridutions of bosons and fermions strongly
correlate with each other. We show the systematic analylst® @D Bose-Fermi Hubbard model
and compare them with the recent experimental results.

(@) (b)

Xaxis (wm) 30 10 " 7 ayis (um) Xaxis (um) 30 10 7 7 4yis (um)

Figure 1: Average number distribution of Bose-Fermi mixtures in a 3ilical lattice (in the y=0
plane): (a) fermions in the Bl phase and (b) bosons in the Misegh

1K. Giinteret al,, Phys. Rev. Lett96, 180402 (2006).
2M. Yamashita and M. W. Jack, Phys. Rev76023606 (2008).
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Pump-probe spectroscopy of 1D and 2D optical lattices

M. Brzozowska, B. Baran, M. Bober, A. Wojciechowski, J. Zaawski, W. Gawlik

M. Smoluchowski Institute of Physics, Jagiellonian Ursitgrkrakow, Poland

By applying our method of pump-probe diagnostitsthe sample of°Rb atoms in a MOT subject
to simultaneously applied optical lattice field, we perfatimgnostics of atoms in various confining
potentials. With non-resonant pump the diagnostics is esimdctive and can be performed in real-
time yielding information on coexistence and competitidmon-localized vs. localized atoms and
their dynamics in various field configurations. In particufar atoms in MOT without lattice field the
pump-probe spectroscopy yields momentum distributioriaha (recoil-induced resonances labeled
as B in Fig. 1a); with an addition of a second, counter-pratiag pump beam the 1D optical lattice
is created and we detect additional vibrational structasseciated with lattice-localized atoms (re-
sonances V in Fig. 1b). With 2D lattice with stable relatirae phases between the lattice beams
we see complex spectrum reflecting atomic dynamics in a patevhich may have 2D node, or anti-
node structure, depending on the polarization of the ltieams. Fig.1 ¢ depicts spectral structure
for 2D lattice with E-vector of all beams in the plane defingdliee lattice and probe beams. In this
configuration we realize a standard topography of a lattiitke potential wells in lattice nodes, but
for light polarizations orthogonal to the lattice plane atefesting, anti-node structure is realized
which is responsible for very different pump-probe spectra
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Figure 1:Pump-probe spectra (a) without lattice field, (b) with 1CXile, (c) with 2D lattice.

IM. Brzozowska, T.M. Brzozowski, J. Zachorowski, and W. GewiBound and free atoms diagnosed by the
recoil-induced resonances: 1D optical lattice in a workifi@T”, Phys. Rev. A73, 063414 (2006).

2A. Rauschenbeutel, A. Schadwinkel, V. Gomer, and D. Mesgh&tanding light fields for cold atoms with
intrinsically stable and variable time phases”, Opt. Cori#8 45 (1998).

3K.l. Petsas, C. Triché, L. Guidoni, C. Jurczak, J.-Y. Coisrand G. Grynberg, “Pinball atom dynamics in
an antidot optical lattice”, Europhys. Le#t6, 18 (1999).

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




“thebook” — 2008/7/8 — 13:08 — page 125 — #147
Poster Session |: Monday, July 28

Optical Lattices MO72
Resonant Feshbach scattering of fermions in

one-dimensional optical lattices
M. Grupp, R. Walser, W. P. Schleich

Institut fir Quantenphysik, Universitat Ulm, Germany

We consider Feshbach scattering of fermions in an one-dioeal optical latticé. By formulating
the scattering theory in the crystal momentum basis, on@xploit the lattice symmetry and factor-
ize the scattering problem in terms of center-of-mass dative momentum in the reduced Brillouin
zone scheme. Within a single band approximation, we canthenposition of a Feshbach resonance
with the center-of-mass momentum due to the non-parabmiio 6f the energy band (see Fig. 1). We
present numerical results for resonant scattering in arattizé. In order to understand this results
we discuss an analytic model for the coherent tunnelingahatand dimers in half spaces.

Figure 1: Even scattering phase-shiff@, E) of a two-particle Bloch-wave versus energyand
center-of-mass momentu@. One can see clearly Feshbach resonances symmetricalfteldc

around theQ-axis, which disappears when the bound state is outsideahd.b

e 5%

IM. Grupp, R. Walser, W. P. Schleich, A. Muramatsu and M. Weitz
J. Phys. B: At. Mol. Opt. Phys. 40 (2007) 2703-2718
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Self-trapping of Bose-Einstein condensates in shallow
optical lattices

M. Rosenkranz?, D. Jaksch?, F. Y. Lim?, W. Bao®

!Clarendon Laboratory, University of Oxford, Parks Roadf@a, OX1 3PU, UK
2Keble College, Parks Road, Oxford, OX1 3PG, UK
3Department of Mathematics and Center for Computationaé@m and Engineering, National
University of Singapore, Singapore 117543

For the development of possible future microdevices it iganant to understand the transport prop-
erties of Bose-Einstein condensates (BECs) through guigtiuctures such as one-dimensional (1D)
optical lattices. Such microdevices will be based on irdkedegrees of freedoms, the basis of spin-
tronics, or indeed on the atoms themselves (atomtréhics

We study, both numerically and analytically, the transpdraa strongly repulsive BEC through a
shallow 1D optical lattice of finite width. This system exitéba sudden breakdown of the atomic
current in the lattice at high interaction strengths. Itrigeistigated how the drop depends on the
lattice depth and the interaction strength. We attribuéesiiidden current drop to the development
of a self-trapped state over a few lattice sites. This salfged state disappears after a finite time
as a result of the finiteness of the lattice. Furthermore, hasvsthat it is possible to prohibit the
self-trapping by applying a constant offset potential te [dttice region. The large reduction of the
current could potentially be relevant for applications oidgd BECs, where the optical lattice acts
as a wire between two reservoirs.

1S. A. Wolf et al., Scienc@94 1488 (2001)
2B. T. Seaman, M. Kramer, D. Z. Anderson, M. J. Holland, PiRe. A75, 023615 (2007)
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Quantum Phases and Quantum Information of Interacting
Atomic Gases in Optical Lattices

C. L. Hung, X. Zhang, S. Waitukaitis, A. Sharma, K. A. BrickmaN. Gemelke, C. Chin

James Franck Institute and Department of Physics, UnitseadiChicago, Chicago, IL 60637, USA

We describe two experiments designed to investigate qomaphases, quantum information and few-
body physics using interacting ultracditf Cs and’ Li atomic gases confined to optical lattice poten-
tials.

The realization of the superfluid to Mott-insulator phas@sition with neutral atoms in an optical lat-
tice provides a tantalizing opportunity to test many-botysics with a high degree of accuracy. We
report progress on an experimental and quantitative cdsgranf the superfluid to Mott-insulator
quantum phase boundary with results from the Bose-Hubbadkmusing Bose-condensed cesium
atoms confined to a thin layer of an optical lattice potenfri@shbach resonances with cesium atoms
enable us to scan the on-site interaction over a wide randguti modifying the tunneling rate and
the overall trapping potential; chemical potential can tgisted by loading a varied mean atomic
density into the lattice. We describe the physical apparetunstructed for this investigation, includ-
ing novel construction designed to achieve precise and agittrol of the magnetic field used in tun-
ing interactions, adiabatic loading and manipulation efltttice potential, and tight two-dimensional
confinement applied to negate the effect of gravity with@aatrice in system homogeneity. Further,
we describe precise tests of fundamental physics of iniagpfew-body systems possible in this
apparatus.

In addition, we propose a new scheme for quantum informgir@cessing utilizing two different
atomic species held in two independently controlled optattices. One uniformly filled lattice holds
fermionic °Li atoms which act as quantum bits (qubits). A second, lesselg populated, lattice
holds bosonic'3*Cs atoms which mediate entanglement among the qubit atomslyBamically
translating the second lattice, cesium atoms can be traesito address any lithium atom in the first
lattice via contact interactions. In this way, th&Cs atoms act as quantum messengers among thé
SLi atoms. By using these auxiliary messenger atoms, &acubit can be individually addressed,
and any two of théLi atoms in the lattice can be entangled through controligiecent scattering
with 133Cs atoms. This system is inherently scalable, as a large eunfbqubits can be easily
addressed, manipulated and transported without quadétatbdification to the scheme.
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Ground States of Cold Neutral Fermions in 2-Dimensional
Optical Lattices: Effects of Strong Correlation in Square
and Triangular Lattices

M. Okumurd2, S. Yamad&a?, M. Machidd 2

LCCSE, Japan Atomic Energy Agency, 6-9-3 Higashi-Uenoy-Kait Tokyo 110-0015, Japan
2CREST (JST), 4-1-8 Honcho, Kawaguchi, Saitama 332—-00fpanJa

The Hubbard model is one of the most fundamental models isdlié state physics. In particular,
the single-band Hubbard model with strong repulsive imtiioa in 2-dimension is a candidate to
describe the high=, superconductivity whose mechanism has not been undersibog, systematic
studies are desired to reveal characteristics of this matlelexpect that the cold neutral fermionic
system gives us a chance to do it because many parameteis gyskem are highly controllable,
e.g., shapes of trap potential, imbalance ratio of spin |adiom, coupling constant.

In this paper, we study ground sates of the single-band Hdbbadel with repulsive interaction in
various lattice and trap configurations. First, we invedtigfermions in the square lattice confined
by a box trap. The remarkable issue in this system is a formation of belpalir stripe? which has
been predicted by Chang and AffléckTo author’s knowledge, this is the first confirmation of the
prediction. Next, we consider the fermions in the squareteadgular optical lattices confined by
the harmonic potential. Generally, in this configuratidre Mott core is formed in the center of the
trag" when the number of particles and the coupling constant asaginlarge. We study the spin
structure of the Mott core with varying the ratio of the spipplation. In the triangular trapped
system, we find that the Mott core becomes a perfectly p@drcore, i.e., the minority is perfectly
ejected from the Mott core region, when the imbalance is argd range. In a middle range, complex
spin structures are found in the Mott core, which is not sigthomogeneous. Such a ferromagnetic
Mott core and the complex spin structures are never obséntbe square lattice case.

Figure 1:The result of the hole density profile
for U/t = 5. The number of doped

holes is 8.

1T. P. Meyrath, F. Schreck, J. L. Hanssen, C.-S. Chuu, and NRaizen, Phys. Rev. &1, 041604 (2005).
2M. Machida, M. Okumura, and S. Yamada, Phys. Re77A033619 (2008).

3M.-S. Chang and I. Affleck, Phys. Rev. 1, 054521 (2007).

4M. Rigol and A. Muramatsu, Phys. Rev.89, 053612 (2004).
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Experimental demonstration of single site addressabilityn
a 2D optical lattice with 600 nm period

T. Gericke, P. Wirtz, D. Reitz, T. Langen, A. Koglbauer, Ht O

Institute of Physics, University of Mainz, Germany

Imaging and addressing neutral atoms in the sites of anabpéttice is a prerequisite for various
studies on the static and dynamic properties of ultracolthtium gases in periodic potentials. Pos-
sible applications range from real space study of tunnglimgnomena over quantum simulation to
applications in quantum information processing. The stattite spacing of typically less tharin
has so far prevented the direct observation of single sitepbcal means.

We have developed a novel microscopy technique that allomthéin situ detection of single atoms
inside an ultracold quantum gas with a spatial resolutiobetfer than 150 nm. It is based on scan-
ning electron microscopy and employs the electron impagkzaiion of atoms with subsequent ion
detection (see Fig. 1). We present high precision measumsméthe density distribution of a trapped
quantum gasand show scanning electron microscope images of a con@dosaled in a 1D and 2D
optical lattice. The individual lattice sites can be clgadsolved with high contrast and the measured
density profile is in good agreement with theoretical calttahs. Removing atoms from chosen sites
we demonstrate single site addressability in a 2D opti¢até&a

Electron beam
——

Scan pattern

lon detector lon optics

-

©© |

Ultracold atoms

©

Figure 1:Working principle of the scanning electron microscope: éufed electron beam is scanned
over the cloud and ionizes the atoms which are subsequestidgtedd with an ion detector.

1T. Gericke, P. Wiirtz, D. Reitz, T. Langen, and H. Gtigh resolution imaging of single atoms in a quantum
gasarXiv:0804.4788.
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Asymmetric Landau-Zener tunnelling and
non-exponential decay in a periodic potential

J. Radogostowicz A. Zenesint>®, H. Lignier*-?, C. Siag, D. Ciampini*®, M. Jona-Lasinio,
S. Wimberget, O. Morsch?, E. Arimondd2:3

! Dipartimento di Fisica Enrico Fermi, Universita degli $fidi Pisa, Largo Pontecorvo 3, 1-56127
Pisa, Italy
2CNR-INFM, Largo Pontecorvo 3, I-56127 Pisa, Italy
3CNISM Unita di Pisa, Largo Pontecorvo 3, I-56127 Pisa, ytal
4Cavendish Laboratory, University of Cambridge, Cambri@i3B OHE, UK
SLENS, Via N. Carrara 1, 50019 - Sesto Fiorentino, ltaly
SUniversittt Heidelberg, Philosophenweg 19, D-69120 Hisdry, Germany

Landau-Zener tunnelling is a well-known phenomenon in fsyand has been studied in a variety
of context$. The Landau-Zener formula presents an analytical soluifahe equations of motion
for this transition. Here we present experimental and #tézal results on deviations from simple
Landau-Zener theory obtained with Bose-Einstein condensa accelerated optical latticeswe
investigated the case of Landau-Zener tunnelling in theeee of nonlinearity which led to an
asymmetric tunnelling rat&probability of tunnelling from the lower to the upper engigand of
the optical lattice is different from the probability forelopposite direction). We also studied the
influence of the localisation of the BEC in momentum spacehantime dependence of the sur-
vival probability in Landau-Zener tunnelling (non-expatial decay as a function of time). In the
experiment with the non linear system we observed an asymrmftandau-Zener tunnelling. An
enhancement of the Landau-Zener tunnelling probabilityuce when the atoms tunnel from the
lower to the upper energy band while suppression takes piatbe opposite directidh This asym-
metry is well reproduced by a simple theoretical model tgkitio account the interaction between
the atoms in the BEC. The non-exponential decay experimeastigated the survival probability as
a function of time of a BEC initially loaded into the lowestezgy band of an optical lattice. We ob-
served deviations from the simple exponential decay curedigted by the Landau-Zener formula;
these deviations are due to the BEC localisation in momeisieae. For a BEC whose momentum
is well localised inside the Brillouin Zone, step-like distinuous decay was observed. By inducing
a dynamical instability in the BEC we were able to create emsdtes spread out in the Brillouin
zone. When the BEC was no longer contained in a precise redimomentum space (i.e., the occu-
pation area was wider) the visible steps became smoothdeas@vident. When the BEC filled the
entire Brillouin zone, the survival probability as a furctiof time was again described by a simple
exponential curve.

1C. Sias, A. Zenesini, H. Ligner, S. Wimberger, D. Ciampini, Morsch, E. Arimondo, Physical Letters
Review, Vol 98, 120403 (2007)

2M. JonalLasino, O. Morsch, M. Cristiani, N. Malossi, J.H. MIIE. Courtade, M. Andrelini, E. Arimondo,
Phys. Let. Rev., Vol 91, 30406 (2003)

3B. Wu and Q. Niu, Physics Review A, Vol 61, 023402 (2000), i & all., ibid. 66, 023404 (2002)

4M. Cristiani, O. Morsch, J.H. Mller, D. Ciampini, E. ArimondPhysical Review A, Vol 65, 063612 (2002)
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Flat-top Beams for a Homogeneous Optical Lattice

J. Liand, R. N. Kohn J#, S. Wart, M. F. Becket, D. J. Heinzeh

' Department of Electrical and Computer Engineering, Unsitgrof Texas, Austin, TX 78712
2Department of Physics, University of Texas, Austin, TX 2871

Experimental work using quantum gases in optical lattices been limited by spatial inhomo-
geneities due to the Gaussian intensity profiles of theckatiiser beams. We have developed a
laser beam-shaper that uses a digital micro-mirror devia@njunction with an iterative error dif-
fusion algorithm to generate beams having rms intensitpdks of 0.5% over a significant portion
of the beam, as shown in the figure below. Three such systelhsenapplied to a vacuum system
containing a Bose-Einstein condensate in order to genafadenogeneous three-dimensional lattice.
The homogeneous lattice will allow us to probe the superatt insulator transition with high
precision. It will avoid the problems arising from averagiover a wide range of effective chemical
potentials that occur when using a lattice with large loaattfiations in depth.

Furthermore, our apparatus will allow us to custom-taitoosthly varying optical lattice potentials
for a wide variety of experimental applications. One sugbliaption would be the emerging field of
atomtronics, in which structures analogous to common electronic dewice created by shaping the
potential in which a sample of cold atoms resides.
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Figure 1:Noisy Gaussian input beam is converted to output beam wit8 Rithess of 0.5% over
an area with a diameter of 1700m. The target profile, an 8th order super-Lorentzian, is pdtfor
comparison.

1B. T. Seaman, M. Kramer, D. Z. Anderson, and M. J. Holland;sPIRev. A75, 023615 (2007)
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All-optical 3D atomic loops generated with Bessel light
fields

K. Volke-Sepulveda, R. Jauregui

Departamento de Fisica Teorica, Instituto de Fisicajugnsidad Nacional Autbnoma de México,
A.P. 20-364, México 01000 D.F. México

Circular optical lattices and helical waveguides conggiinteresting alternatives for interference ex-
periments with matter waves and quantum transport. Thelpased on the transfer of orbital angular
momentum of light to cold atoms. Recently the use of statipmeaves in the angular direction,
generated by the superposition of two counter rotating eaguGaussian (LG) beams propagating
in the same direction, was proposed as an efficient meanshigvarng the exchange of angular mo-
mentum between light and cold atomsn this case, the confinement in the radial direction can be
achieved optically, but the dynamics along thaxis is completely free. A circular optical potential
of this kind would split the wave function of a single loca&izatom into clockwise and anticlockwise
components, which may interfere under certain confinemamditions. On the other hand, a curved
helical lattice, which could be generated by the superjposdf two identical LG beams propagating
in opposite directions, can also be used as an atom guleeular and rotating optical lattices have
been studied as well, in the context of condensed matter amy iparticle systems, such as Fermi
gases and Bose Einstein condensates
In this work, the propagation invariance of Bessel beamsadisas their transversal structure are used
to perform a comparative theoretical analysis of theirafta cold atoms for several configurations.
We show that, even at temperatures for which the classicarig¢ion of the atom center of mass
motion is valid, the interchange of momenta, energy andarbhgular momenta between light and
atoms yields efficient tools for all-optical trapping, tsporting and, in general, manipulating the
state of motion of cold atoms. For a red detuned far-offnasce system, the single rotating Bessel
beam and the twisted helical lattice are shown to be usefguide atoms, in the latter case along
predetermined separate channels, whereas the 3D staticineular lattice and the toroidal train
lattice can be applied to obtain 3D confinement within a smegjion of the space. Moreover, in the
toroidal train lattice the confinement may be accompanied toginsfer of orbital angular momentum
when the detuning is small. Finally, on the basis of our nicaéresults, we propose an application
consisting of the consecutive operation of the differeriams of light fields in order to create atom
circuits or loops in predesigned ways by all-optical means.

1H. L. Haroutyunyan, G. Nienhui®hys. Rev. A0, 063408 (2004).

2M. BhattacharyaQpt. Commun279, 219 (2007).

3G. S. ParaoantPhys. Rev. %7, 023607 (2003);B. M. Peden, R. Bhat, M. Kramer and M. J. hholjal.
Phys. B: At. Mol. Opt. Phys10, 3725 (2007).
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Interacting Mixtures of Bosons and Fermions in an
Optical Lattice

S. Will*, Th. Best, U. Schneider, S. Braur, L. Hackermiillet, I. Bloch

Hnstitut fiir Physik, Johannes Gutenberg-Universitatiivia Staudingerweg 7,
55128 Mainz, Germany

Mixtures of ultracold quantum gases in optical latticegrfanovel quantum many-body systems,
whose properties are governed by the interplay of quantatissts, inter- and intraspecies interac-
tions, as well as the relative atom numbers of the constisuianolved. In our setup, we cool bosonic
87Rb and fermioni¢°K to simultaneous quantum degeneracy, giving us accesstioBmse-Fermi
and Fermi-Fermi mixtures. We study their properties in tombined potential of a blue-detuned
three-dimensional optical lattice and a red-detuned ewshpole trap, allowing for independent
control of lattice depth and underlying harmonic confinetmen

Bose-Fermi:We have investigated Bose-Fermi mixtures with tunablergpiecies interactions in a
three-dimensional lattice potential. Distinct ratio§ BRb to*°K have been prepared at various lattice
depths, and interspecies interactions have been tuneaaviele range using a Feshbach resonance.
We have identified different regimes of the mixture throupk analysis of thé”Rb momentum
distribution. Most prominently, we observe a remarkablgnasetry between strongly attractive
and repulsive interactions, while for vanishing interais the fermions become fully transparent for
the bosons. On the attractive side, the lattice depth athnthie condensate fraction vanishes, shifts
towards lower values by up to 10 recoil energies. We atteiltis shift to self-trapping of the bosons.
Fermi-Fermi: Spin mixtures of fermionic atoms in a three-dimensionaidatpotential can serve
as a model system of the Hubbard Hamiltonian. Particulahly, possible realization of a Mott-
insulating state makes them highly relevant for solid spitgsics. We present measurements of
both local and global observables on non-interacting arahgly interacting systems. Our results
show the existence of conducting and insulating many-beales, and are compared to numerical
simulations.
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Preparing and Detecting Quantum States with Ultracold
Atoms in an Optical Superlattice

S. Trotzky', U. Schnorrbergér P. Cheinet, M. Feld"2, J. D. Thompsoh, S. Félling"3, I. Bloch'

! Johannes Gutenberg Universitat Mainz, Germany
2Technische Universitat Kaiserslautern, Germany
3Harvard University, USA

Ultracold atoms in optical lattices have shown to be velsatistems to mimick condensed matter
physics. The concept of superlattices for ultracold atoassrecently been realized in experiments
and extends the toolbox for the manipulation of the systerthemimany-body scale. Furthermore, it
allows to control effective interactions and dynamics egirey in Hubbard-type models. In our ex-
periments, we combine monochromatic optical lattices angerpendicular axes with a superlattice
on the third axis which is formed by the superposition of twanging light fields with periodicity d
and 2d to yield an array of double well potentials. We denratsthow this bichromatic superlattice
can be used to realize effective spin Hamiltonians with i@dlatble spin-spin interactions as well
as how to measure the atomnumber distribution within thayaloly means of interaction blockade.
Moreover, we are able to create entangled spin-triplespaithe double wells and detect these via
the coherent transformation into spin-singlet pairs arckba
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Atom Interferometry with an Optical Lattice

Mikkel Andersert, Tycho Sleatct

tJack Dodd Center for Quantum Technology, Department ofiBsySniversity of Otago, New
Zealand
2Dept. of Physics, New York University, 4 Washington Plaesy Mork, NY 10003, USA

We have developed a new atom interferometer design, in whigb atoms are first cooled in an
optical lattice in a MOT. The atoms are released at tirae 0, and then subjected at timie= T to
an off-resonant standing wave pulse. Around the time (n + 1)7 for integern > 1, we detect
the resulting atomic fringe pattern by applying a weak efanant optical traveling wave (“readout
pulse™) and observing the backscattered light from the atdrimges. Figure 1 shows the resulting
signals fort =~ 2T (i.e., forn = 1).
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Figure 1:A) Backscattered signal (solid line) as a function of tithefrom turn-on of readout pulse.
Dashed curve shows the signal from previous interferomegiafigurations- B) Peak signal [from
A)] as a function of pulse deldy. x’s show data for a short duration pulse £ 200 ns), and solid
curve is a fit to the data. Dashed curve shows data for a longer {200 ns) pulse.

Theory and expriment tell us that the peak signal as a fumafd” is periodic in the recoil period
21 /wr, Wherew, = 2hk?/mgy, is the recoil frequency andl is the wave-vector of the light[See
Fig. 1B)]. For long pulses, the signal oscillates rapidlyaafsinction of T, in principle allowing a
more precise measurement of the recoil frequency. Althdhgtiheory only applies to short pulses
(satisfying the Raman-Nath condition), we have carriedsgutilations of our experiment for longer
pulses that show good agreement with the data.

We have also measured the maximum signal (as a functidr) &r various pulse durations. We
found that this maximum signal as a functionohas an oscillatory component with a period of
about 6.5:s. These oscillations were also seen in simulations andetiedowas found to be close to
that of a classical particle oscillating in the approxinhatearmonic potential near the minima of the
potential created by the pulse. Our results may allow usuoi@hte the effects of photon scattering
on the interferometer visibility.

By collecting data fom = 1, 2, and 3, we can deduce the degree of localization of thesatom
the optical lattice just before they are released, and lyraksasuring the velocity spread, determine
whether they are in thermal equilibrium in the lattice.

1See, e.g., Cahet. alPhys. Rev. Lett. 79, 784 (1997).
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Simulating Relativistic Physics with Ultracold Atoms

J. Y. Vaishnav, Charles W. Clark

Joint Quantum Institute, National Insitute of Standardsl dechnology, Gaithersburg MD 20899

A driving force behind the interest in ultracold atoms isithese as “quantum simulators” of other
physical systems, including systems which are experinfigritccessible in their original mani-

festations. In this poster, we propose an optical latti¢apsender which ultracold atoms would
feel effective Diraclike Hamiltonians. Such relativistitamiltonians underlie a variety of physical
phenomena, ranging fro#itterbewegungo spintronics. Creating Diraclike Hamiltonians with cold
atoms thus suggests a number of interesting experihemitsch we outline in this poster.

1J. Y. Vaishnav and Charles W. ClafiRhysical Review Letters00, 153002 (2008).
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A. G. Radnaev, S.-Y. Lan, O. A. Collins, D. N. Matsukevich ATB. Kennedy, A. Kuzmich

School of Physics, Georgia Institute of Technology, AlaGteorgia 30332-0430

Quantum communication utilizes quantum entanglement ¢orséy distribute information. The
quantum repeater architecture holds promise for long mistajuantum communication, however,
scalability remains challenging. We have proposed to iplelimemory elements in order to drasti-
cally increase entanglement connection rates. We preseseriment demonstrating such multi-
plexing in cold rubidium.
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Single Photon Nonlinearity in Cold Polar Molecular
Arrays

T. Bragdon, R. M. Rajapaksk A. M. Rey?, T. Calarcg, S. F. Yelirt 2

! Department of Physics, University of Connecticut, Std&§,06269, USA
2Institue for Theoretical Atomic Molecular Physics, HargeBmithsonian Center for Astrophysics,
Cambridge, MA 02138, USA

We model single photon nonlinearities in arrays of cold patelecules via long range dipole-
dipole interactions. Decoherences are accounted for hyadhesymmetric interaction and symmetric
photon-molecule states as well as phonon dispersion. Teffesgs are mitigated in many-body pro-
tected manifolds selected with tunable external fields. Weuss the feasibility of this system in
optical quantum computation processing as an element afitactied phase gate.
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Progress Towards Spin - Photon Entanglement Using NV
Centers in Diamond

E. Togad, Y. Chu', A. Trifonov', L. Jiand, M. V. G. Dutt":?, L. Childress*3, A. S. ZibroV},
P. R. Hemme¥, M. D. Lukin'

! Department of Physics, Harvard University, Cambridge, MISA
2Department of Physics, University of Pittsburgh, PittsiiurPA, USA
3Department of Physics, Bates College, Lewiston, ME, USA

‘Department of Electrical Engineering, College Station, TSA

Recent work has demonstrated that individual Nitrogen NegéNV) centers in diamond are promis-
ing candidates for quantum register systems. A registedenug of the electronic spin of the NV
center and orfeor few? nuclear qubits, may be used to store and manipulate quamiommiation.
The challenge remains to entangle different registersnuotstrate scalability and to carry out more
sophisticated functions, e.g. quantum repeaters, andtumacomputers. In this work we show
progress towards entangling one NV’s spin to the photontethity the same center as a first step to
using photon interference to generate entanglement betdiéferent NVs.

Spin-photon entanglement requires good control of thecaptiansitions of the NV as well as long
coherence of the photons in emission. By using resonanceficence spectroscopy we identify and
study various transitions, to determine their associagéetton rules. The properties of these tran-
sitions are dependent on the local electric environmentsénadh, hence differ from NV to NV. Our
observations of selection rules for various NVs are in agese with recent theoretical predictidns
We then show that one can resonantly drive controlled dpfRehi nutations by selecting out a par-
ticular transition and use this method to obtain informato the coherence of the optical transition.
We also show, while exciting an NV off resonantly, one carsebut a particular set of transitions
in emission and study their optical coherence on an unbathimterferometer and a cavity.

Finally we propose a method for entanglement generatioachas the demonstrated properties of
the NV.

IM. V. Gurudev Dutt, et al., Sciencgl6, 1312 (2007).
2p, Neumann, et al., Scien8&0, 1326 (2008).
SN. B. Manson, et al., PRB4, 104303 (2006).
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Few-qubit quantum registers encoded in alkaline-earth
atoms trapped in an optical lattice

A. V. GorshkoV, A. M. Rey?, A. J. Daley*, G. Pupilld®?, P. Zolle*?, M. D. Lukin*2

!Physics Department, Harvard University, Cambridge, MAZRIUSA
2Institute for Theoretical Atomic, Molecular and Optical ylics, Cambridge, MA 02138, USA
3Institute for Quantum Optics and Quantum Information, 60&@sbruck, Austria
“Institute for Theoretical Physics, University of Innsbkpu6020 Innsbruck, Austria

We propose methods to implement, manipulate, and couplegééit quantum registers encoded
in alkaline-earth atoms trapped in an optical lattice. Threthuds rely on long-lived optical qubits
and on the possibility of decoupling them from the nucleén siegree of freedom. Applications in
qguantum information science and in many-body physics a®udsed.
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Quantum Repeater based on Atomic Ensembles

R. Zhao, Y. O. Dudin, S. D. Jenkins, C. J. Campbell, D. N. Miatsich, T. A. B. Kennedy,
A. Kuzmich

School of Physics, Georgia Institute of Technology, AdagGteorgia 30332-0430

Quantum mechanics provides a mechanism for absolutelyes@mmmunication between remote
parties. For distances greater than 100 kilometers dingghtggm communication via optical fiber
is not viable, due to fiber losses, and intermediate stordgbheoquantum information along the

transmission channel is necessary. This lead to the comtephe quantum repeater, proposed in
1998 by Briegel, Duer, Cirac, and Zoller. In 2001, Duan, lykTirac, and Zoller have proposed to
use atomic ensembles as the basic memory elements for theuquaepeater. We will outline our

program on the use of atomic ensembles as an interface fotuquanformation transfer and the

prospects for long distance quantum networks.

ICAP 2008, Storrs, CT, USA, July 27 — August 1, 2008 141




“thebook” — 2008/7/8 — 13:08 — page 142 — #164

Poster Session |I: Monday, July 28 MO89 Quantum Information
Optimized planar Penning traps for quantum information
processing

J. D. Goldman, G. Gabrielse

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

The spins of electrons in an array of planar Penning trapse recently been propogeas qubits for
scalable quantum information processing. Such a systemhwhn be fabricated with existing tech-
nology, promises extremely long coherence times sincegimensotion is extremely weakly damped
(v ~ 10 s), the electrons are trapped in a cryogenic vacuum envieahrand no quantum infor-
mation is stored in motional degrees of freedom. Via QND tiaggo the axial oscillatiofy the spin
readout would be performed electronically and with effesd§i unit fidelity, a technique developed
for high-precision measurements of the electron magnetiment?

Planar Penning traps have only just begun to be stadi@&kfore performing quantum logic op-
erations, it is necessary first to develop for planar trapeyntd the techniques that have become
well-established for cylindrical Penning traps, such apping, detecting, and manipulating the spin
of a single electron.

As in any Penning trap, it is necessary to minimize the anbaicity of the axial oscillatdtso that
thermal fluctuations of the axial amplitude do not broadenatkial resonance, which would obscure
the signal from a single trapped electron and prevent detecf the small frequency shifts that
differentiate its spin states. In a planar trap, anharnigndompensation is further complicated by
the lack of reflection symmetry about the center of the tragpiotential.

We seek optimization of planar Penning trap design to dstalically harmonic behavior at a large
amplitude, to minimize broadening due to thermal fluctuatiof the axial energy, and to minimize
sensitivity to the bias voltages applied to compensatientebdes.

1S, stahl et al.Eur. Phys. J. D82, 139 (2005)

2G. Ciaramicoli, F. Galve, I. Marzoli, and P. TombeBhys. Rev. A2, 042323 (2005). Other papers have
also discussed using cylindrical Penning traps for quanifionmation processing.

3S. Peil and G. Gabriels@hys. Rev. Leti83, 1287 (1999)

4D. Hanneke, S. Fogwell, and G. Gabrielsehys. Rev. Lett. (in press),ar Xi v: 0801. 1134v1
[ physi cs. at om ph]

5F. Galve, P. Fernandez, and G. Weilyr. Phys. J. D40, 201 (2006); Fernando Galve and Guenter Werth,
Hyperfine Interact174, 41 (2007)

6Analogous to the work done with cylindrical traps in G. Galse and F.C. MacKintoshnt J. Mass Spec.
57,1 (1984) and G. Gabrielse, L. Haarsma, and S.L. Roldtin,). Mass Spe@8, 319 (1989)
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Anyonic interferometry and protected memories in atomic
spin lattices

L. Jiand, G. K. Brennen, A. V. GorshkoV, K. Hammeret, M. Hafezi', E. A. Demlet,
M. D. Lukin', P. Zolle?

!Physics Department, Harvard University, Cambridge, MABRIUSA
2Institute for Theoretical Physics, University of Innsbikuand Institute for Quantum Optics and
Quantum Information of the Austrian Academy of Science) 602sbruck, Austria

Systems with topological order can exhibit remarkable phegna such as quasi-particles with any-
onic statistics and might be used for naturally error-freerqum computation. Here we describe how
to unambiguously detect and characterize such statesentlg@roposed spin lattice realizations us-
ing ultra-cold atoms or molecules trapped in an opticaidattWe propose an experimentally feasible
technique to access non-local degrees of freedom by pdrfgrgiobal operations on trapped spins
mediated by an optical cavity mode. We show how to reliabdrand write topologically protected
guantum memory using an atomic or photonic qubit. Furtheemour technique can be used to
probe statistics and dynamics of anyonic excitations.
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Mapping photonic entanglement into and out of a
quantum memory

K. S. Choi, H. Deng, J. Laurdt S. B. Papp, H. J. Kimble

Norman Bridge Laboratory of Physics 12-33, California ihge of Technology, Pasadena,
California 91125, USA

In the field of quantum information science, of significanportance has been the development of
scalable quantum networks, composed of quantum nodesofimgiand processing information and
photonic channels which link the remote nodes for entangigrdistribution. Atomic ensembles can
play the role of such nodes, where the collective interactibsingle excitations and photons pro-
vide efficient means for the coherent transfer of quanturestaetween matter and lightin this
contribution, we report two advances toward this goal: mgitement distribution by asynchronous
preparation of parallel pairs of atomic ensemblesd the reversible mapping of photonic entangle-
ment into and out of atomic memortes

By following the seminal proposal by Duagt al.!, two pairs of remote ensembles§ m) at two
nodes are each prepared in entangled states, in a heraldledyarchronous fashion by way of condi-
tional control of the quantum memorfesAfter a signal heralding that the two pairs are entanglesl, t
states of the ensembles are coherently converted to priopgdields locally at the two nodes such
that they effectively contain two photons, one at each nadi®se polarizations are entangled. The
entanglement between the two nodes is verified by the measiokation of the CHSH inequality.
The effective polarization entangled state is compatibita l@ng-distance quantum communication
protocols.

Beyond such probabilistic approachese also demonstrate a protocol where entanglement betwee
two atomic ensembles is created by reversible mapping ofmgled state of ligfit First, a single
photon is split into two modes to generate photonic entamgfé. This entangled field state is then
coherently mapped to an entangled matter state in two atensiembles by way of dynamic Electro-
magnetically Induced Transparency (EYTDn demand, the stored entanglement is converted back
into entangled photonic modes. The degrees of entangleéord@nput and output states are explicitly
quantified with the transfer efficiency of entanglement apphing 26¢. Our approach is inherently
deterministic, suffering principally from the finite ElTfifiencies. Moreover, by separating the pro-
cesses for the generation and storage of entanglemenanaimiattion of atomic entanglement due to
multiple excitations can be arbitrarily suppressed witbeaxdes in on-demand single photon sources.
Our experiment thereby enables an alternative avenue it #ss distribution and storage of entan-
glement over quantum networks

x This research is supported by IARPA and NSF.

1L.-M. Duan, M. D. Lukin, J. I. Cirac and P. ZolleNature414, 413 (2001).

2C.-W. Chou,et al,, Science316, 1316 (2007).

3K. S. Choi, H. Deng, J. Laurat and H. J. KimbNature452, 67 (2008).

4S. E. Harris Phys. Todays0, 36 (1997).
T Present address : Laboratoire Kastler Brossel, Universttris 6, Ecole Normale Superieure et CNRS, UPMC
Case 74, 4 place Jussieu, 75252 Paris Cedex 05, France
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lattice

Elena Kuznetsova?, R. Coté, Kate Kirby?, S. F. Yelirt 2

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

Polar molecules have attracted significant interest astdevigatform for quantum computing. They
combine the advantages of neutral atoms and trapped ioeis asulong coherence times, rich level
structure, strong optical and microwave transitions, aamlecontrol by DC and AC electrc fields.
This combination makes them compatible with various aedhitres, e.g. optical lattices and solid-
state systems. Molecules with large permanent dipole mtsmean display strong dipole-dipole
interactions, allowing for the construction of fast comaigl two-qubit gates necessary to realize
universal gates.

We analyze a recently proposed physical implementation @fiantum computer based on polar
molecules with "switchable” dipoles , i.e. dipole momentattcan be switched "on” and "off”
(Phys. Rev. A74, 050301(R), 2006). "Switching” is realized by transfegia molecule by e.g.
optical excitation between molecular states with signifitadifferent dipole moments. We present
a set of general requirements for a molecular system, whaiidyorovide an optimal combination
of quantum gate times, coherence times, number of opegatiigh gate accuracy and experimental
feasibility. We proceed with an analysis of a two-qubit ghgste realization based on switchable
dipole-dipole interactions between polar molecules ingtical lattice architecture. We consider two
of the schemes proposed in our previous work, a "direct” antiraverted” scheme. We study the
robustness of such a phase gate and analyze the experirfessiallity of the approach, using the
CO and LiCs molecules as specific examples. We suggest lsudkgrtronic states and transitions,
and investigate requirements for the laser pulses driviegit Finally, we analyse possible sources
of decoherence and list practical difficulties of the scheme
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Simultaneous measurements in qguantum optics

M. Busshardt, M. Freyberger

Institute of Quantum Physics, Ulm University, Germany

Various possibilities for simultaneous measurements ofugmte variables in the optical domain
are investigated. Here, for example, the quadratures oélderomagnetic field do not commute
and therefore cannot be precisely measured simultaned@shsible setups, necessary for measur-
ing such non-commuting observables simultaneously byvailp the system to interact with certain
classes of ruler systems, are reviewed and discussed. Bstiquarises, which states of the ruler
systems are optimal to gain specific information about tkiestigated system. This leads to gener-
alized versions of the Heisenberg uncertainty relation.
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High-Fidelity Readout of Trapped-lon Qubits

M. J. Curtis, D. T. C. Allcock, A. H. Myerson, D. J. Szwer, S.\@ebster, G. Imreh, J. A. Sherman,
D. N. Stacey, A. M. Steane, D. M. Lucas

Department of Physics, University of Oxford, United Kingdo

We present techniques relevant to trapped-ion qubits, emartr experimental results utilizing these
techniques if°Ca" and*3Ca’. Using a time-resolved photon counting technique we detrates
single-shot qubit readout with a fidelity sufficient for fatblerant quantum computatibnFor an
optical qubit stored irf°Ca" we achieve 99.991(1)% average readout fidelity ifi tt@als, using
time-resolved photon counting. An adaptive measuremeaintque allows 99.99% fidelity to be
reached in 14%s average detection time. FbiCa'", we propose and implement an optical pumping
scheme to transfer a long-lived hyperfine gfilhit the optical qubit, capable of a theoretical fidelity
of 99.95% in 10us. We achieve 99.87(4)% transfer fidelity and 99.77(3)% eatlout fidelity.

We will report our progress in performing an entangling dateveen &°Ca’ qubit and &'*Ca"
qubit held in a single r.f. ion trap.
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Figure 1: Average readout fidelity against average readout time fer'fCa’™ optical qubit, using
adaptive time-resolved photon detection.

We also generalize the optical Bloch equations so that thaye applied when transitions between
pairs of states are driven by lasers with strong sidebande show the theory reproduces well the
observed response of a cdiiCa” ion when subject to a single laser frequency driving the,4S
4P, /, transition and a laser with two strong sidebands driving 3B 4P, /.

1A. H. Myersonet al. Phys. Rev. Left00200502 (2008)
2D. M. Lucaset al. arXiv:0710.4421 (2007)
3D. N. Staceyet al. J. Phys. B+1 085502 (2008)
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Two-boson correlations in various quantum traps

A. Okopifska, P. Koscik

Institute of Physics, University of Humanities and Scisnce
Swietokrzyska 15, 25-406 Kielce, Poland

We consider a system of two bosons that is able to model v@physical situations by the appropri-

ate choice of both the trapping potential and the interadbietween the particles. First, we discuss
the contact potential that is usually used to describe -jpaeticle interactions at ultra-low temper-

atures. The energy spectra for convex and non-convex coméiniepotentials are determined and
various correlations characteristics are discussed. ngtgment properties are studied particularly
carefully. Secondly, we perform an analogous study in tise o Coulomb and other long-range in-
teractions between particles. In all the cases studiedecamttention is paid to the demonstration
of the fermionization effects for strongly interacting peles.
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P. Cappellarb?, L. Jiang, M. D. Lukin':?

LITAMP, Harvard-Smithsonian Center for Astrophysics, Cadde, MA 02138, USA
2Department of Physics, Harvard University, Cambridge, MAB8, USA

Motivated by recent experiments with single nitrogen-vegecenters in diamortd®, we consider a
few-qubit quantum system composed of a single electron emdmal nuclear spins and we describe
a strategy for its efficient control.

Registers comprising a few qubits have gained attentiorpassible paradigm for scalable quantum
computers. The control of a small number of qubits has beerodstrated in many physical imple-
mentations while various proposals for integrating themalkunits into a larger system have been
explored both theoreticallyand experimentally. These schemes most generally requice@mmu-
nication qubit and a fewancillary qubits per register, embedded in a hybrid architecture aaindp
optical and solid-state systems. Té@mmmunicatiorqubits couple efficiently to external degrees of
freedom (for initialization, measurement and entangldrdestribution to other registers), leading to
an easy control but at the same time to faster dephasingafti#dary qubits on the other hand are
more isolated and they can act as memory or as ancillas in@rgection protocols.

Advances in coherent control of single electrons in sdlatessystems have permitted to probe their
environment? and to perform entangling operatidnsThe main cause of decoherence is often the
nuclear spiné. Here we propose not only to reduce the noise by acting orl¢strenic spin, but also
to coherently control part of the environment and use thdséianal degrees of freedom as qubits.
Due to the large hyperfine coupling, the nuclear spins cardbdesased individually: The electronic
spin thus offers an access to these qubits that are othewdlesolated and have therefore long
coherence times.

The challenges to overcome are to resolve individual enlexgls for qubit addressability and con-
trol, while at the same time avoiding fast electron deplgsine to the nuclear environment. We
describe the system model and present a scheme for achibeisg two goals. We analyze feasible
performances and practical limitations of this approach nealistic setting. This hybrid approach
combines ideas from quantum optics, mesoscopic physiciNaMM to yield a robust, potentially
scalable quantum information system.

1L. Childress, M. V. Gurudev Dutt, J. M. Taylor, A. S. Zibrov, Jelezko, J. Wrachtrup, P. R. Hemmerand M.
D. Lukin, Science 314, 281 (2006).

2M. V. G. Dutt, L. Childress, L. Jiang, E. Togan, J. Maze, Fedkb, A. S. Zibrov, P. R. Hemmer, and M. D.
Lukin, Science 316 (2007).

3P. Neumann, N. Mizuochi, F. Rempp, P. Hemmer, H. Watanab&a®asaki, V. Jacques, T. Gaebel, F.
Jelezko, and J. Wrachtrup, Science 320, 1326 (2008).

4L. Jiang, J. M. Taylor, A. S. S. rensen, and M. D. Lukin, Physv.RA 76, 062323 (2007). E. T. Campbell,
Phys. Rev. A 76, 040302 (2007).

5K. M. Birnbaum, A. Boca, R. Miller, A. D. Boozer, T. E. Northuand H. J. Kimble, Nature 436, 87 (2005).

6J. Schliemann, A. V. Khaetskii, and D. Loss, Phys. Rev. B @53D3 (2002). W. M. Witzel, R. de Sousa,
and S. D. Sarma, Phys. Rev. B 72, 161306 (2005).
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Robust Generation of Superposition States

R. Yamazaki, K. Kand&, F. Inoué, K. Toyodd 2, S. Urabé?

1 JST-CREST, Saitama, Japan
2Graduate School of Engineering Science, Osaka UniveBitgka, Japan

lon-trap based quantum information processing is consit&y be one of the promising candidates
for the large scale quantum computer. Fundamental buildimgks, including the qubit initialization,
single and two-qubit operation, and state read out havadyreeen demonstrated in the ion-trap
system. Much of the recent effort is concentrated in the ldgwmeent of high-fidelity and robust
operations.

We report here the experimental results of generation oérmgsition state in a two level system,
4s S1,; and3d D5, states, of a single calcium ion. The generation method ischas population
transfer via rapid adiabatic passage (RAP), proposed tanwit and Shore The quadrupole transi-
tion between the two states is excited with a laser pulse edgttirolled amplitude shape and linear
frequency chirp to steer the initially prepared state toesygmsition states. The coherence of the
generated superposition states is evaluated with RamsthodheFollowing the superposition state
generation, ar/2-pulse with different phasej, is introduced to rotate the generated state. Projec-
tive measurements of the rotated state showed sinusoiddullatmn and fringe visibility of up to
0.93 is obtained. The state generation shows strong rafssstmith respect to the variation in the
Rabi-frequency of the probing laser.

Application of the method in collective addressing of are@iyons and in manipulation of “optically-
thick” material, including a BEC system, is discussed. Tineent limitations, including the technical
limitations, and state generation speed are also discussed

1
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Figure 1:Coherence measurement of the generated superpositi@ssiasibility (V) obtained with
Ramsey-method for different probe laser Rabi-frequenshdsvn along with the line showing the
simulation result. The inset shows a typical Ramsey frifggeved in the experiment.

IN.V. Vitanov and B.W. Shore, Phy. Rev. 78, 053402 (2006)
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Studying the Rydberg blockade with individually trapped
single atoms in optical tweezers

A. Gaétan, Y. Miroshnychenko, T. Wilk!, C. Evellin', G. Messifi, A. Browaeys, P. Grangiet,
M. Viteal?, A. Chotig, D. Comparat, P. Pillet

!Laboratoire Charles Fabry de I'Institut d’'Optique, Palaiau, France
2Laboratoire Aimé Cotton, Orsay, France

In our experiment we want to investigate the Rydberg bloekaith two single®”Rb atoms each
trapped in an optical tweezer. This effect, recently obsgfior two single atonts will enable the
realization of fast quantum gafeswith our experimental apparatus, which allows us to tralsi
atoms in optical tweezers, to individually manipulate thefernal states and to move them around
without losing their coherenéewe have a very versatile tool at hand to explore the blockaeeh-
anism for applications in quantum information processing.

The key element of our setup is a microscope objective witigh humerical aperture. It allows
us to focus the dipole trap beam to a waist of less tham,lwhich guarantees the trapping of only
one atom per trdp Two separated traps with a variable distance are creatsemjing two dipole
trap beams with an adjustable tilt through the objectivechBaap is separately imaged through the
microscope objective onto an avalanche photodiode. Whieimghin molasses beams, the level of
observed fluorescence light tells us about the presence afoam in each of the traps. Moreover,
the tight focusing of the trap beams allows us to individpaliidress the atoms and to drive Raman
transitions between the hyperfine levels of the 5round state, which form our qubit states.

To investigate the Rydberg blockade regime we study thepinaon resonance for a single atom
from the 53/, ground level to the 585, Rydberg state. After optically pumping the atom in the
F=2, m-=2 state of the 55, ground level, we drive the two photon transition using angolarized
laser close to the D1-line of Rb (795 nm) which is detuned ByAHz with respect to the 5i,, F=2
level and a second ™ -ploarized laser at a wavelength of 475 nm. A magnetic fiel8.bfG defines
the quantization axis. Once in the Rydberg state, the atdosidrom the trap and we observe no
fluorescence light when shining in the molasses beams. Foatwms located at a distance of about
3um we expect a shift of the energy level for the Rydberg-Ryglsgstem of hundreds of MHz with
respect to non interacting Rydberg atoms. The status ofgberienent will be reported.

1E. Urban, T.A. Johnson, T. Henage, L. Isenhower, D.D. YaviliZz. Walker and M. Saffman,
arXiv: 0805.0758 (2008).

2D, Jaksch, J.I. Cirac, P. Zoller, S.L. Rolston, R. Coté khb. Lukin, Phys.Rev. Lett. 85, 2208 (2000).

3J. Beugnon, C. Tuchendler, H. Marion, A. Gaétan, Y. Mirgstitenko, Y.R.P. Sortais, A.M. Lance,
M.P.A. Jones, G. Messin, A. Browaeys, and P. GraniaturePhysics3, 696 (2007).

4N. Schlosser, G. Reymond, |. Protsenko and P. Grangiyre411, 1024 (2001).
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Controlled Creation of Spatial Superposition States for
Single Atoms

Th. BuscH, K. Deasy’?, S. Nic Chormai&?3

!Physics Department, University College Cork, Cork, Irelan
2Dept. of Applied Physics and Instrumentation, Cork Inggitof Technology, Cork, Ireland
3Photonics Centre, Tyndall National Institute, Cork, Ineth

Controlling the quantized centre-of-mass state of a siaglen in an array of microscopic potentials
has become a focus of experimental and theoretical res@argtent years. Optical lattices and
microscopic optical or magnetic traps allow one to trap leirjoms in individual, well-separated
sites between which atoms can coherently move via tunneRegently it has been suggested that
adiabatic techniques could be used to control tunnelinggs®es with high fidelity analogously to
the optical STIRAP.

Here, we show how additional degrees of freedom presentanamic setting can be used to develop
new and useful techniques, based on STIRAP, for preparidgeotessing quantum states. We will
show how to create atomic spatial superposition states avitily controllable phase relation and
demonstrate how these technique can be used to construtbrait anterferometer. We will also
show how these processes can find applications in quanturputorg schemes.

1K. Eckert, M. Lewenstein, R. Corbalan, G. Birkl, W. Ertmerdaw. Mompart, Phys. Rev. A0, 023606
(2004)
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Entangling single trapped atoms and ions

H. Dork-Bendid, Z. Idziaszek 3, P. S. Julienrg A. Simon?, P. Zollef, T. Calarcd

Hnstitute for Quantum Information Processing, UniversifyJlm, Germany
2Institute of Theoretical Physics, University of WarsawaRd
3Center for Theoretical Physics, Polish Academy of Scigntkssaw, Poland
4National Institute of Standards and Technology, GaithergbMaryland, USA
SLaboratoire de Physique des Atomes, Lasers, Moléculesré&ic®s, Rennes, France
SInstitute for Quantum Optics and Quantum Information, gk, Austria

When a neutral atom and an ion are brought together, the iargelinduces in the atom an elec-
tric dipole moment, which attracts it with an internal-stitdependent—* dependence at large
distances. The short-range part of the interaction patentbnversely, presents an intricate de-
pendence on the diatomic molecular state, exhibiting maayufes known from atomic collision
physics, for instance Feshbach resonahcksconfined geometries, the bigger interaction strength
of the induced-dipole potential, compared to neutral silis, gives rise to novel phenomena like
trap-induced resonances.

An increasing number of experimental groups worldwide amsng interest and/or starting experi-
ments with combined charged-neutral systems in variougromtions. This opens up a perspective
for manipulating ion-atom systems down to single-partidatrol.

In this work, we focus on a single trapped ultracold neuttareand an ion, with the aim of generat-
ing and controlling entanglement between them. We anahgéasic interaction mechanisms, solve
the eigenvalue problem under variable experimental corstng and discuss how to perform an
entangling process exploiting different mechanisms, fpranon exchange between relatively dis-
tant traps to trap-induced and Feshbach resonances betwasinoverlapping particles.

1Zbigniew ldziaszek, Tommaso Calarco, Paul S. Julienne Aamtbiea Simoni, “Quantum theory of ultracold
atom-ion collisions”.

2Zbigniew Idziaszek, Tommaso Calarco, and Peter Zollernt@dled collisions of a single atom and an ion
guided by movable trapping potentials”, Phys. Rev. A 76,4083(2007).
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Breaking the dipole blockade: Nearly-resonant dipole
interactions in few-atom systems

T. Poht, P. R. Bermanh

ITAMP, Harvard-Smithsonian Center for Astrophysics, Cedue MA 02138, USA
2Department of Physics, University of Michigan, Ann Arbot, 48109, USA

The dipole blockade, in which Rydberg atom - Rydberg atorerattions inhibit all but a single
collective Rydberg excitation, has been proposed as a merhao store and manipulate quantum
information in mesoscopic ensembles.

In the simplest case of two interacting atoms, the dipoleldde arises from strong dipole coupling
to adjacent Rydberg states which, at sufficiently smallrattamic separations, shifts the doubly-
excited state strongly out of resonance. As a result, wheratbms are excited by a pulsed laser
field, they are driven between the two-atom ground state woeatom singly-excited state with a
Rabi frequency that is collectively enhanced by a factoy/af

It would seem reasonable that the presence of further dpsgoms would add to the efficiency of
the dipole blockade, allowing only a single Rydberg exwmtathat is coherently shared among all
N atoms, the excitation characterized by a collectively enbd Rabi frequency of/ NQ. Here
we show that this is not necessarily the cas¢he presence of a third atom can break the dipole
blockade

We obtain the molecular states of the three atoms, and fgeantiinteraction-free, dark statén
which each of the atoms is in a Rydberg state. Using an adiiablatination scheme, we derive
simple expressions for the three-atom excitation dynanwWésfind that the combined interaction of
three atoms, each of which pairwise would produce a blocka@aks the dipole blockade. The dark
state plays a critical role in this process.

Several examples will be given that reveal an interestingeddence of the excitation probability
on the combined role of atom-field detuning, laser field giienand dipole-dipole coupling. More-
over, we present numerical simulations that demonstrat@éportance of many-atom effects on the
excitation dynamics in small ensembles. Our analyticalltestogether with the many-atom simula-
tions, show that a careful choice of laser parameters mustdake in order to optimize the blockade
efficiency.
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Towards controlled interactions with individual atoms:
Detecting nearest neighbors in an optical lattice and
controlled atom-field coupling in an optical cavity

A. Widera, W. Alt, J.-M. Choi, L. Forster, T. Kampschulte, Marski, M. Khudaverdyan, L. Kong,
S. Reick, K. Schorner, A. Thobe, D. Meschede

Institut fur Angewandte Physik, Universitat Bonn, 53Bihn, Germany

Creating and investigating arbitrary quantum states dtisvéin intriguing perspective of quantum
engineering. This, however, requires ultimate controlreparation, manipulation and detection of
quantum systems on a single particle level. Here, we reporeoent advances in the detection
of individual neutral atoms in adjacent micropotentialsaof optical lattice. Further, we present
controlled manipulation of single atoms either in spin defsnt potentials or by coupling them to a
high finesse optical cavity. This opens new routes to tigtdlytrol and detect atom-atom interactions
in an optical lattice.

In our experiments, we load up to ten laser cooled Cesiumsafoom a magneto-optical trap into a
1D optical standing wave. Using fluorescence imaging anktirae numerical processing of these
images we are able to deduce atomic positions far beyondaheard diffraction limit, even down
to nearest-neighbor distances in the optical lattieet85 nm). For manipulation of atoms, we make
use of a “magic” lattice wavelength between the and D lines of Cesium. Together with active
polarization control of the laser light forming the optidattice, this establishes a spin dependent
transport for single Cesium atoms which we have performed over up tdetitice sites.

Finally, in a different approach, we are able to induce armdied strong interaction between atoms
and single photons in a high-finesse optical resonator. ddupling is continuously maintained on
a minute time scale and reveals an intriguing intra-cavitgaanics of a single atoms coupled to
the cavity field. Moreover, we have established dispergie-selective detection of an atom in the
cavity. Combining this detection method with our long cangltimes paves the way to investigating
atom-field coupling in a practically heating free situatairhigh repetition rates.

10. Mandel et al., Phys. Rev. Lett. 91, 010407 (2003)
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Threshold three photon resonance in Zeeman transitions

A. Hazrd, A. Narayanah, S. N. Sandhya

'Raman Research Institute, Bangalore - 560 080, INDIA
2Department of Physics, IIT Kanpur - 208016, INDIA

Non-linear light matter interactions in coherent matteoveh very different behaviour from such
effects in incoherent matter. Coherence between electmnhyperfine energy levels of gaseous
atomic samples can be established through the phenomerileatfomagnetically Induced Trans-
parency (EIT). In such systems, EIT based Kerr effect, mgifiom the refractive part of third-order
susceptibility in a four-level system, is studied as an glitsm in a probe beam modified by sig-
nal and coupling beams. We report that such a three photon absorption, shows a #iasghold
around F =0, in Zeeman degenerate transitions of F = 1 ahd G,around the D2 line ii” Rb. The
threshold can be attributed to a competition between taesgy induced depletion of population in
themr = 0, F = 0 sub-level and off-resonant optical pumping of coheesrand population through
F’ =1 to this sub-level. The sharpness of this threshold, dépen the nature of coherent state
formed. A maximally coherent ground state (a CPT state)eseasharper threshold. This threshold
behaviour may be made use of in making a frequency switchifantym logic gates.

Three beams L1, L2 and L3, derived from a single laser irtadissample of vapour cell Rubidium
atoms. L2 and L1 beams show transparency (EIT) of width 1 MiHZ;a = §11. Shown in the
Figure are absorption features (1-6) seen in L3 beam, ohviid® KHz, at positions of transparency
resonances. Scanning the laser frequency using an AOM dballaser position helps in seeing
both the EIT and absorption signals. We see in the figure lleagtis a complete lack of this absorp-
tion feature a few MHz red of" = 0,followed by a good contrast absorptionfat = 0 and above.
Absorption resonances continue all the way upto= 1.
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1H. Schmidt and A. Imomoglu, "Giant Kerr nonlinearities dbted by electromagnetically induced trans-
parency”, Opt. Lett21, 1936 (1996)
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Few-photon photon nonlinear optics with cold atoms
inside a hollow core fiber

M. Bajcsy', S. Hofferberth, V. Balic!, T. Peyrondl, A. S. Zibrov}, V. Vuleti¢?, M. D. Lukin!

!Physics Department, Harvard University, 17 Oxford St., Gedyge, MA 02138, USA
2Physics Department, MIT, 36 Vassar St., Cambridge, MA 02WS

Physical processes that can facilitate nonlinear intenastbetween weak light pulses have been
explored for several decades. In addition to fundamentatrést, these efforts are stimulated by
potential applications ranging from development of feveqoim switches and optical transistors to
guantum information science. Confining cold atoms and pt®to a diameter comparable to optical
wavelength inside a hollow core photonic crystal fiber dracadly enhances the probability of in-
teraction between a single photon and a single atom. As #,reawatomic ensemble consisting of a
few hundred atoms will create a high optical depth mediurhrieads only a comparable number of
photons to saturate and that can act a mediator for interechietween few-photon pulses. Here, we
present an experimental system that uses this novel agptoaxchieve strong, coherent nonlinear
interactions between few-photon pulses and atoms. We shadynique features of this system by
demonstrating coherent control techniques such as Efeatyoetically Induced Transparency (EIT)
and nonlinear all-optical switching with few hundred ph@tger control/switch pulse.
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Entanglement in the adiabatic limit of cavity QED with
pairs of atoms

C. Lazarou, B. M. Garraway

Department of Physics and Astronomy, University of Su&gghton, UK

We analyse the problem of a time dependent 2-atom Tavis-GuagsnHamiltonian in the adiabatic
limit. Instead of the usual constant coupling between alsingpde cavity and a pair of atoms, we
utilise the spatial profile of the interaction by having tisependent coupling functions. In consid-
ering the adiabatic limit, we were able to demonstrate thksquce of an energy crossing degeneracy
which plays a key role in the dynamifcsFurthermore, we show that it is possible to achieve condi-
tional entanglement between the cavity and the atoms orgena maximally entangled state of the
two atoms-2. Using the fidelity for particular entangled states, andatwecurrence for bipartite and
tripartite systems, we derive the properties of entangigrnetween all three systems. We also study
the effect that cavity losses or atomic spontaneous emisgige on the system

1C. Lazarou and B. M. Garraway, Adiabatic entanglement inabmn cavity QED. Phys. Rev. A 77 (2008)
023818.

2C. Lazarou and B. M. Garraway, Adiabatic cavity QED with paif atoms: Atomic entanglement and
Quantum teleportation. To be published in EPJ Special Eq@icXiv 0803.1479v1)

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




“thebook” — 2008/7/8 — 13:08 — page 159 — #181

Quantum Optics & Cavity QED MO106 Poster Session |: Monday, July 28

Teleportation of resonance fluorescence: bandwidth and
squeezing requirements

C. Noh, H. J. Carmichael

Department of Physics, University of Auckland, Aucklarelyealand

The pioneering experimental work of Furusagtal. on continuous variable quantum teleportation
can be looked upon within the framework of the teleportatbiguantum fields: there is a contin-
uous beam of light into and out of the teleporter. We take ploisit of view and ask under what
conditions such teleportation may be deemed successftilislnork the scattered field of resonance
fluorescence is adopted as the input, since it provides sigaatures (Mollow triplet, photon anti-
bunching), which one can look for in the teleported outpuec&use the input field is broadband,
filtering is essential and we find various constraints on #@edividths for successful teleportation.
The relevant bandwidths involved are those of the input fieddrelated EPR fields, Alice’s filtering
of her photocurrents, and Bob’s filtering of the output. Wiealate the spectra and intensity cor-
relation functions of the teleported field, and compare théth those of the input field to find the
bandwidths and amount of squeezing required for succetsd@ortation. To calculate the spectra
and intensity correlation functions we adopt the methodysated by Ralpgh In this method we
treat Alice’s quadrature measurement signals (photoetgyéormally as operators, which allows us
to work with a linear mapping between the input and the oufields . We can then calculate the
correlation functions of the output field in terms of thosealainputs (input field and correlated EPR
fields). It is worthy of note that this scheme lies in one-te@orrespondence with a treatment of
continuous variable teleportation within the frameworkstdchastic electrodynamitsthe former
treats all noise processes as quantum operators (bothizpafields and classical currents), while
the latter treats them all as classical processes

We first introduce the standard continuous variable tetagion schem& extended to account for the
bandwidths and filtering mentioned above. Then we deschigdinear mapping between input and
output fields and its relationship to stochastic electradgiyics. We derive the spectrum of the output
field and show how each bandwidth affects the teleportedispacFinally, we derive the teleported
intensity correlation function and show the effects of taeaus bandwidths and degree of squeezing
on it. We find very stringent requirements on the relativedvadiths and the degree squeezing in
order to achieve high-fidelity teleportation, particwaof the photon correlations. Optical filtering
of the output field by Bob is essential to remove excess naisé@ from imperfect matching of
Alice’s measurement spectrum to the spectrum of squeezing.

1A. Furusawa, J L. Sgrensen, S. L. Braunstein, C. A. Fuchs,. Kindble, E. S. Polzik, “Unconditional
Quantum Teleportation'Science282 706 (1998)

2T. C. Ralph, “All-optical quantum teleportationQpticsLetters24 348 (1999)

SH. J. Carmichael, H. Nha, “Continuous Variable Telepoottivithin Stochastic Electrodynamcstaser
Spectroscopy, Proceedings of the XVI International Cafee, eds. P. Hannaford, A. Sidorov, H. Bachor, and
K. Baldwin (World Scientific, Singapore, 2004) pp. 324-333

4S. L. Braunstein, H. J. Kimble, “Teleportation of ContingoQuantum VariablesPhys.Rev. Lett 80, 869
(1998)
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Dicke-Bose-Hubbard model

Soi-Chan Lef, Ray-Kuang Le&?2,

'Physics Department, National Tsing-Hua University, Hain800, Taiwan
2Institute of Photonics Technologies, National Tsing-Huavdrsity, Hsinchu 300, Taiwan

We extend the idea of quantum phase transitions of lightomagbhoton system with Dicke-Bose-
Hubbard model for arbitrary number of two-level atoms. Towrfulations of eigenenergies, effective
Rabi frequencies, and critical chemical potentials for atoms are derived. With a self-consistent
method, we obtain a complete phase diagram for two two-keghs on resonance, which indicates
the transition from Mott insulator to superfluidity and wahlmean excitations diagram for confirma-
tion. We illustrate the generality of the method by congingcthe dressed-state basis for arbitrary
number of two-level atoms. In addition, we show that the Ntwttilator lobes in the phase diagrams
will smash out with the increase of atom numbers. The restittis work provide a step for studying
the effects with combinations of Dicke-like and Hubbatkklmodels to simulate strongly correlated
electron systems using photohs.
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Figure 1:The phase diagrams for arbitrary number of TLAs, &)= 3, (b) N =4, (c) N =5, (d)

N =6, (e) N =7, and ()N = 10. The notation SF refers to a superfluid phase with strong-inte
action of photon hopping while Ml refers to a Mott insulatdrgse with equally number of photons
in each cavity.

1S.-C. Lei and R.-K. LeeRhys. Rev. A7, 033827 (2008).
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Coherent Control of One Atom Strongly Coupled to an
Optical Cavity

D. Wilson, R. Miller, T. E. Northup, A. D. Boozer, H. J. Kimble

Norman Bridge Laboratory of Physics 12-33, California inge of Technology, Pasadena, CA
91125, USA

Quantum networks based on cavity QED will require robusistémr coherent manipulation of intra-
cavity atoms. In a recent experiment, we demonstrated localization tgtbend state of motion for

a single cesium atom strongly coupled to the field of a highsBreoptical resonatérOur advance
was made possible by a Raman scheme tailored to the geonfetrg oavity mode. A variation
on this scheme provides coherent control over the hyperfideZeeman state of the trapped atom.
Namely, we use our standing-wave dipole trap as one arm dRémean pair. We demonstrate how
this scheme can be used — in conjunction with efficient hyperfiate detection — to conditionally
load one or two atoms into the cavity. We show how incoherearh& transitions can then be used
to prepare the atom(s) in an arbitrary Zeeman state wi60% efficiency’ By driving coherent Ra-
man transitions, we are able to transfer population betweehyperfine ground states of the trapped
atom. We are also able to map a superposition of the atomimaeeatates onto its hyperfine states,
enabling us to retrieve information about the Zeeman caotweréWe use Rabi oscillations, spin echo,
and Ramsey interferometry to investigate decoherence anérths in our experiment. We also dis-
cuss the application of our Raman scheme to atom-photontandaom entanglement protocols in
cavity QED.

0.7

=4

Probability to detect atom in F-

Raman pulse duration (microseconds)

Figure 1:Rabi oscillation betweef=3,m=0) and|4,0). For each measurement, atoms are prepared
with ~60% efficiency in3,0), then driven with a raman pulse of varying duration, foll@l®y state
detection. A magnetic field along the cavity axis splits teerdan levels by-500kHz. Here the
raman pulse is detuned 5kHz to the red of [(B®)«—|4,0) transition. Decoherence is related to the
temperature of the trapped atom.

1H.J. Kimble,“The Quantum Internet NaturelnsightReview, doi:10.1038/nature07127 (2008).
2A.D. Boozer, A. Boca, R. Miller, T.E. Northup, and H.J. KinebPhys.Rev. Lett. 97, 083602 (2006).
3A.D. Boozer, R. Miller, A. Boca, T.E. Northup, and H.J. KirebPhys.Rev. A 76, 063401 (2007).
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Generating single-photon nonlinearities and strongly
correlated photonic states using nanoscale optical
waveguides

D. E. Chang, A. S. Sgrensen V. GritseV, G. Morigi®, V. Vuleti¢?, E. A. Demlef, M. D. Lukin!

! Department of Physics, Harvard University, Cambridge, MA88, USA
2Niels Bohr Institute, DK-2100 Copenhagen @, Denmark
3Grup d’Optica, Department de Fisica, Universitat AutonodeBarcelona, 08193 Bellaterra,
Spain
“Department of Physics, MIT-Harvard Center for UltracolcbAts, and Research Laboratory of
Electronics, Massachusetts Institute of Technology, Cailgé, MA 02139, USA

A number of methods to guide light that is transversely catfinear or below the diffraction limit
have been actively explored in recent years. The techreddfat have attracted considerable interest
include tapered optical fibers, hollow-core photonic ay/Bbers, and conducting nanowires that sup-
port surface plasmon modes. The tight transverse confirnteemables strong interactions between
single guided photons and single optical emitters, whiehlmafurther manipulated by introducing
guantum optical control techniques to these systems. Agamp@e, we show how such techniques
can be used to realize strong, controllable interactiomsdxEn single photons mediated by a single
resonant emitter. This nonlinearity can be applied to imyaet a single-photon transistor, where the
presence or absence of a single photon in a “gate” field clentine propagation of a much larger
optical “signal” field. Furthermore, we demonstrate thatldrge optical nonlinearities achievable in
these systems can also give rise to strongly correlateéssitatolving many photons. In particular,
we describe a method to create a “crystal” of photons beggfiom a non-interacting, classical
optical pulse. Here, an effective repulsive interactioroagthe photons causes them to separate and
“self-organize” into a crystal. Finally, we investigatetfeasibility of creating nanoscale atomic traps
using plasmonic systems to form an interface between atphyisics and quantum nano-optics.
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Strongly correlated photon transport in nonlinear optical
fiber

M. Hafezi, D. E. Chang, V. Gritsev, E. A. Demler, M. D. Lukin

Department of Physics, Harvard University, Cambridge, N2A 88

We present a theoretical investigation of quantum trarispfophotons through a one-dimensional
waveguide whose propagation is described by the quantuniimeer Schrodinger equation. Such
systems are now being implemented using a hollow-core fitwddd with trapped alkali atoms.
The tight transverse confinement of the photonic modes esablarge atom-field coupling strength
and correspondingly large atom-mediated optical nontitiea. These effects are observable at the
level of few-photon behavior. In particular, we analyze giuantum correlation functions of a weak
classical input field transmitted through a finite system.dl¥serve that the transmitted light exhibits
anti-bunching in the presence wfpulsiveinteractions between photons, as shown in Fig. 1. This
anti-bunching is the consequence of delocalization of @iinside the nonlinear medium and the
reflection of bunched componenise(, two photons) of the input field when the system is tuned to
the one-photon transmission resonance. The caatrattivenonlinearity shows both bunching and
anti-bunching behavior, which arises from competitionasetn the change in mode structure due to
nonlinearities and the localization of photons inside theglimm. The widely tunable nonlinearity in
the system enables one to coherently control statisticglesties of photon fields.

% dr2 d

Figure 1:Due to a positive nonlinearity, photons repel each otheis Thmanifested in delocaliza-
tion of the two-photon wave function inside the nonlineadiue.
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Cavity QED with ion Coulomb crystals

P. Herskind, A. Dantan, J. Marler, M. Albert, M. B. Langkitllauesen, M. Drewsen

QUANTOP, Department of Physics and Astronomy, Univer$ifyaohus, Denmark

In addition to its fundamental interest for atom-light sesj Cavity Quantum Electrodynamics (CQED)
represents an interesting avenue for engineering effitigimtmatter quantum interfaces for quan-
tum information processing. Experiments with neutral atdrave been very successful in strongly
coupling single atoms to cavities of extremely small modeive and very high finesse. These ex-
periments are, however, challenged by the difficulty in aanfj and storing the atoms in the cavity
for a long time®.

lons, on the other hand, have proved to be an excellent mefdiuquantum information processing
and benefit from very long trapping times, a good localizatiad are robust against decoherence.
Although significant progress has been made within the fiettisingle ions have been coupled to
high finesse cavitie$ 3, minimizing the mirror separation, without severely mgitify the trapping
potential has made it extremely difficult to reach the stroagpling regime with single ions. The
small mode volume requirement can be relaxed for ensemblsms or ions though, due to the en-
hancement of the collective coupling strength of the enseaufd clouds of cold ions thus represent
an interesting alternative system to a single atom or ion.

When a trapped cloud of ions is cooled below a certain ctiteraperature, the ions form a spatially
ordered state, known as an ion Coulomb crystal. In additioght confinement and long storage
times, ion Coulomb crystals also have a number of advantageiscold atomic samples. As the
ions are confined in a crystal lattice, the decoherence raédalcollisions is very low and their low
optical densities10® cm~*) make optical pumping and state preparation unprobleméiilly, the
inherent lattice structure in conjunction with the staigdimave field of the optical resonator opens
up for new possibilities to engineer the atom-photon irtéoa.

We will present recent experimental results on CQED witlddoh Coulomb crystals of calcium,
obtained by using a novel linear radio frequency trap incafping a moderately high finesse cavity
(F ~ 3000). Even though the 3-mm diameter dielectric cavity mirraes placed between the trap
electrodes and separated by only 12 mm, it is possible tougrid situion Coulomb crystals con-
taining more thari0° calcium ions of various isotopes and with lengths of up tesgmillimetres
along the cavity axi$. Single to a few thousands of ions can be stored in the catjemolume and
efficiently prepared by optical pumping in a given magnetiiostate of the metastabid2D3/2 level

of “°Ca’. The first results on the crystal-light coupling strengthaleated by probing the ion-cavity
system at the single photon level - as well as the posséslitr CQED experiments offered by this
new system, will be discussed.

1p.R. Berman (Ed.) Cavity Quantum Electrodynamics, AcaddPéss inc., London (1994)

2M. Keller, B. Lange, K. Hayasaka, W. Lange, H. Walther, Na#@81, 1075 (2004)

SA.B. Mundt, A. Kreuter, C. Russo, C. Becher, D. Leibfried Echner, F. Schmidt-Kaler, R. Blatt, Appl.
Phys. B 76, 117 (2003)

4P, Herskind, A. Dantan, M.B. Langkilde-Lauesen, A. MoremsJ. L. Sgrensen, M. Drewsen, quant-
ph/0804.4589.
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Novel systems for single-photon generation using quantum
memory

S. Hormoz, P. Walthet, A. Nemiroski, M. Klein''2, D. Pattersoh, A. V. GorshkoV,
A.S. Zibrovt, R. Walsworth-2, J. M. Doylé"®, M. D. Lukin'3

!Physics Department, Harvard University
2Harvard-Smithsonian Center for Astrophysics
3Harvard-MIT Center for Ultracold Atoms

The effective generation of single photons on demand is tieeanost important prerequisites for
scalable quantum computation and quantum communicatimyg lisear optics and measurement-
induced nonlinearities. Using atomic memories and therodatl interaction of photons and atoms
could allow for the realization of such single-photon s@stcOne promising approach is based on
writing and reading single excitations in atomic ensembkiag Raman processes and electromag-
netically induced transparency. We report on the developroBtwo novel experimental systems
for the realization of such single-photon sources, eachbagimy long coherence times with high
efficiencies and purity. The first approach makes use of 1nite-waraffin-coated Rubidium cells
at room temperature whose volumes are in the order of theatten region. The second approach
makes use of buffer gas cooling to create an appropriateed@eslium with excellent coherence
properties. Experimental realization and comparison e$¢htwo approaches will be presented.
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Interference in the light emitted by a single tunneling atom

J. Martin, D. Braun

Laboratoire de Physique Théorique, Université de Toséolll, CNRS, 31062 Toulouse, France

We consider the tunneling of a two-level atom in a double etkential while the atom couples to

the full continuum of electromagnetic modes in three din@rs (see Fig. 1). The study is within

the Lamb-Dicke regime concerning transitions to higheratibnal states, but beyond the Lamb-
Dicke regime concerning the tunneling splitting. The tumgeprocess may decohere, depending
on the wavelength corresponding to the internal transiéiod on the spontaneous emission rate

Interference fringes appear in the emitted light from a &limg atom, or an atom in a stationary

coherent superposition of its center-of-mass motion, &f wWavelength is comparable to the well
separation and if the external state of the atom is posttsele If the atom couples to a single
electromagnetic field mode of a cavity instead of the fulltoorum, the coupling between internal

and external degrees of freedom of the atom induced by thtycawde can dramatically change the
tunneling behavidt.

I
NS A
NS

Figure 1:Emission of a photon by a two-level atom tunneling in a dowi®éd potential.

1D. Braun, J. Martin, Phys. Rev. A7, 032102 (2008)
2J. Martin, D. Braun, arXiv:0704.0763, to appear in J. Phys. B
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Fast Excitation of a Coupled Atom-Cavity System

J. Bochmann, M. Miicke, B. Weber, H. P. Specht, D. L. MoehriagRempe

Max-Planck-Institut fur Quantenoptik, Hans-Kopferme®im 1, 85748 Garching, Germany

Single atoms coupled to high finesse optical cavities pevidique systems to study light-matter
interactions in the quantum regime. Naturally, these systare well suited for atom-photon entan-
glement and distributed quantum networks

Here, we report on the fast excitation of a single atom califdean optical cavity using laser pulses
that are much shorter than all other coherent and incohprenésses (atom-cavity coupling strength
g, atomic polarization decay ratg and cavity field decay ratg). It results in a near-instantaneous
promotion of the atom to the excited state. Subsequentycaolipled atom-cavity system displays an
oscillatory energy exchange between the atom and the daslidy Thus, a photon is deposited in the
cavity and is finally emitted into a well-defined spatial aittmode. The shape of the single photon
wavepacket is independent of the excitation pulse and amrgrped by the dynamics of the coupled
atom-cavity syster.

We show that the cavity frequency can be used as a parametentml the photon’s shape and

frequency spectrum. Moreover, the excitation scheme allosvto generate single photons on an
atomic cycling transition in a cavity QED environment. lndanprove existing atom-photon entan-

glement experimentsby reducing unwanted multiple-photon events and can plyssittend them

to multi-photon entanglement protocols. Moreover, a gmloton in a superposition of two tunable

frequencies as demonstrated here may be useful as a frgomainic®*.

1T. Wilk et al, Science317, 488 (2007)

2p. Zoller et al, Eur. Phys. J. B6, 203 (2005)

3C. DiFidio et al, Phys. Rev. A7, 043822 (2008)
4L.-M. Duan et al, Phys. Rev. &3, 062324 (2006)
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Atomic qubit detection in the strong coupling regime

J.VolZ', G. Duboig, R. Geht, Y. Colombé2, J. Reichel

!Laboratoire Kastler Brossel, ENS, 24 rue Lhomond, 75005sP&rance
2NIST, 325 Broadway, Boulder, Colorado 80305, USA

Microchip based atom traps are a promising approach towgardstum information and communi-
cation with neutral atoms. One crucial task for the reailimadf these protocols is a highly efficient
state detection of atomic qubits.

In our experiment we realize the detection of single atonisgua cavity in the strong coupling
regime. For this purpose we mount two fiber based cavities anticro-fabricated atom chip
We detect single trapped atoms via measuring the transmis$the resonator. Therefore, we load a
small ensemble 6f Rb atoms 4 10) out of a Bose-Einstein condensate (BEC) into a single adén
of the intra-cavity standing wave dipole trap. The cavityesonant with the F=2 to F'=3 transition
of 87Rb and the atoms are initially in the F=1 ground state. Usiaglkwmicrowave pulses we transfer
single atoms to the F=2 ground state resonant with the cagégh time an atom is transferred, we
observe a drop in cavity transmission by orders of magnituldieh allows to detect the presence of
the atom within a fevy:s with a probability close to unity.

() (b)

photon counts per 40 ps

time (ms)

Figure 1:(a) Setup of the chip and the cavity consisting of two hidleetion coated optical fibers.
(b) Cavity transmission measured using an avalanche photied Due to the presence of a resonant
atom inside the cavity a large drop in transmission can besoled.

1Y. Colombe, T. Steinmetz, G. Dubois, F. Linke, D. Hunger an&dichel, Strong atom-field coupling for
Bose-Einstein condensates in an optical cavity on a chipurda50, 272-276(2007)
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Engineering the EIT optical response of a five level atom
via two ground state RF transitions

J. O. Weatherall?, C. P. Search

!Department of Physics and Engineering Physics, Stevetitutesof Technology, Hoboken, NJ
07030, USA
2Department of Logic and Philosophy of Science, Univerdi@atifornia, Irvine, CA 92697, USA

We consider the linear optical response of a collectioiVdive level atoms consisting of four dif-
ferent hyperfine ground states and a single optically eadtate|a). Following the standard elec-
tromagnetically induced transparency (EIT) configuratmme of the ground statels,, is coupled to
the excited state via a strong resonant control beam wréle&rdéimsition between the excited state and
a second ground stat@,, is probed by a second, weak laser. Each of these ground s&ateupled

to an additional ground state via an RF field (see Fig. 1).

As with standard EIT, we find that the strong control beam sdes” the atom, effectively splitting
the absorption profile for the probe beam into two peaks, withransparency window at the bare
transition frequency. However, inside this transparenaydaw two new ultra-narrow absorption
resonances arise due to the RF coupling to the additionahgrstates. The locations and line widths
of these new features are fully controlled by the Rabi fregies of the RF fields and moreover the
line widths can be made several orders of magnitude smh#erthe natural line width d&), v,. We
show how these new resonances and the ultra-narrow lindasvgén be readily interpreted in terms
of the energy eigenstates of the atoms. Near the new featheedispersion also varies dramatically
with the RF field Rabi frequencies. In the case of small RF Ragjuencies « ~.), we predict
that in the vicinity of the resulting ultra-narrow featurese probe beam would experience group
velocities up to 100 times lower than otherwise possiblenimdantically configured system without
the additional couplings.

>

|b’>

|b>

Figure 1:Our model of a five level atomic system. Hexgis the strong control beam, arfd, and
Q. are the Rabi frequencies of the new RF fields. The opticabrespof the system is probed by a
laser with Rabi frequenc{,, near the|b) — |a) resonance.
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Non-Markovian quantum jumps

J. Piilo, S. Maniscalco, K. Harkonen, K.-A. Suominen

Department of Physics, University of Turku, FI-20014 Tuyliapisto, Finland

Open quantum systems that interact with structured regsrewhibit non-Markovian dynamics. We
present a quantum jump method for treating the dynamicsaf systems Our approach is a gen-
eralization of the standard Monte Carlo wave function (MOWiffethod for Markovian dynamiés
The MCWF method identifies decay rates with jump probabaitand fails for non-Markovian sys-
tems where the time-dependent rates become temporaribtimeg Our non-Markovian quantum
jump (NMQJ) approach circumvents this problem, providesngke unravelling of the ensemble
dynamics with single histories, and gives interestingghsinto the non-Markovian dynamics. To
demonstrate our NMQJ method, we study a two-level atom inaiqoliic band gap material, see
Fig. 1.
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Figure 1:The demonstration of the non-Markovian quantum jump (NM@gthod with a two-level
atom in a photonic band gap. In the left panel, the upper pispldys the time dependence of the de-
cay rate with temporary negative values, and the lower fhoirss the match between the analytical
and the simulation results of the excited state dynamic® right panel shows a single trajectory
of the ensemble. Here, the first quantum jump occurs duriegdsitive decay and destroys the su-
perposition state of the two-level atom. The second jumpédPwhen the decay rate has negative
value, and this non-Markovian quantum jump restores theugsition which was lost in the earlier
quantum jump.

1J. Piilo, S. Maniscalco, K. Harkénen, and K.-A. Suominehys. Rev. Lett100, 180402 (2008).
2J. Dalibard, Y. Castin, and K. Mglmer, Phys. Rev. Lé8, 580 (1992).
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Storage and resonance retrieval of optical superposition
states in an atomic medium

L. Karpa, F. Vewinger, M. Weitz

Institut fur Angewandte Physik, Universitat Bonn, Genya

Electromagnetically induced transparency (EIT) is a quianinterference effect that allows for the
transmission of light through an otherwise opaque atomidinme'. Media exhibiting EIT have
remarkable properties, as very low group velocfties

We investigate the storage of light in atomic rubidium vapsing a multilevel-tripod scheme as
depicted in figure 1(a). As predicted in ref.3, in this systeimoptical modes propagating with a slow
group velocity can exidt In our experiment, which builds upon previous wbPk storage of light

is performed by dynamically reducing the optical group eéioto zero. After releasing the stored
pulse, a beating of the two reaccelerated optical modes rstared. The observed beating signal
oscillates at an atomic transition frequency, opening thg to novel quantum limited measurements
of atomic resonance frequencies and quantum switches.
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Figure 1:(a) Tripod level scheme. The levéds) and|e) are coupled by one strong control field with
the Rabi frequencg2c while the two signal fields described by the quantum field atpes £, and
E» drive the transitions betweep_) and |e) and|g. ) and |e) respectively. The dots are to indicate
the ground state populatiorfb) Measured beat frequency of the released signal beams,sifterge
as a function of the applied (transverse) magnetic field. &fbshown data points, the atomic sam-
ple was irradiated with optical signal fields of constantquencies for each of the fields during the
storage procedure.

Isee e.g.: M. Fleischhauer, A. Imamoglu, and J. P. Marang®s, lRod. Phys77, 633 (2005).
2see e.g.: L. V. Hau, S. E. Harris, Z. Dutton, and C. H. Behrolature397, 594 (1999).

3D. Petrosyan and Y. P. Malakyan, Phys. Rev7G\ 023822 (2004).

4L. Karpa and M. Weitz, Nature Physi@s332 (2006).

5L. Karpa and M. Weitz, New J. Phy&0 (2008).
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Coherent magnetic resonance spectroscopy of atomic
hydrogen gas

L. Mazzold, K.-A. Suominen, A. Messing, S. Vasilie}

!Department of Physics, University of Turku, FI-20014 Tuyliopisto, Finland
2Dipartimento di Scienze Fisiche ed Astronomiche, Uniweii Palermo, 90123 Palermo, ltaly

Spin - polarized atomic hydrogen adsorbed on the surfacemérfiuid *He is an ideal realization
of a two - dimensional weakly interacting boson gas whichxiseeted to show collective quantum
phenomena. Due to the reduced dimensionality, the achieveof high density, necessary condition
for the appearance of collective phenomena, seems to ber ¢aesn in 3D case.

Recently measurements of the cold collision frequencyt hi& doubly spin - polarized hydrogen
gas adsorbed on the surface dfHe film has been realized in TurRu During this experiment elec-
tron - nuclear double resonance (ENDOR) spectra were abdeAt temperature K 80 mK both
absorption and dispersion ENDOR components exhibit antigéxbehavior. The absorption spec-
trum has a dispersive line shape, whereas the dispersiotrspelooks like absorption. We explain
these observations in terms of coherent interaction ofr@ie@agnetic excitation with hyperfine level
system of H gas. This is the first demonstration of the eletaignetically induced transparency /
absorption in magnetic resonance spectroscopy.

We have elaborated a theoretical model based on the denattixraquations of laser spectroscopy
to predict and explain the observed lines. We schematizatonns as three - level systems in ladder
configuration, such that the first and second level are syamypled by resonance r.f. field, while
the second and the third level are weakly coupled. To thellisgar equation pattern, containing
terms describing populations and coherences decay andipginvee have added some nonlinear
terms. The idea of adding nonlinear terms arises from thegs#ty of considering two processes
dramatically affecting the dynamics of the system, whiahtae three - body recombination, and the
presence of the dipolar magnetic field. The latter is propoal to the gas density. The addition
of nonlinear terms in the density matrix equations causeila spread of profiles in the theoretical
ESR susceptibility components and with a proper settingaodumeters we obtain theoretical curves
matching the experimental ones.

1J. Ahokas, J.drvinen and S. Vasiliev, Phys. Rev. Lett. 98 (2007) 043004
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Spectral properties of systems exhibiting intrinsic optial
bistability

M. G. Gladush, VI. K. Roerich, A. A. Panteleev

State research center of the Russian Federation, Troitstitirte for Innovation and Fusion
Research, TRINITI, Troitsk, Moscow region, 142190 Russia

Alternative hypothetic mechanisms to give rise to intiingptical bistability are studied theoretically
as the field-controlled switching between different spagiatterns of the probe beam absorption and
fluorescent light. The spectra are calculated both analjgiand numerically for the entire hysteresis
loop of atomic excitation. The specroscopic analysis isljiko provide graphic distinction between
alternative models describing similar hysteresis behasgio The master equation and equations to
find the spectral properties of the non-linear optical respaare derived from the Bogolubov-Born-
Green-Kirkwood-Yvon hierarchy for reduced single pagidensity matrices of two-level atoms and
quantized field modes and their correlation operators. Taeichy is treated in the limit of the
polarization approximation to make a correct account fdiatave relaxation of an atom in the sur-
rounding medium.
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Control of the Atom-Cavity Coupling Constant with a
Nanopore Lattice in the Cavity-QED Microlaser

M. Lee!, W. Sed, H.-G. Hond, Y. Sond, W. Cho?, R. R. Dasaf, M. S. Feld, J.-H. Leé, K. An'

! Department of Physics and Astronomy, Seoul National UsitierSeoul 151-747, Korea
2G. R. Harrison Spectroscopy Laboratory, MIT, MA 02139, 4.S.

Although a uniform atom-cavity constant is assumed in atraticavity quantum electrodynamics
(QED) theories, atoms in an optical cavity in reality expade position-dependent coupling con-
stants because of the standing-wave structure of the canatye. In this work, we have realized
precisely controlled atom-cavity coupling constants favity QED experiments. We performed this
feat by employing an atomic beam aperfuie the form of two-dimensional lattice of nanometer
holes, i.e., nanopores, with a pitch of 791 nm, the same aseswance wavelength of atomic
barium, in front of the cavity in our cavity-QED microladefWhen the horizontal position of the
aperture is adjusted so as to make the vertical columns ofpoaes aligned with the antinodes of the
cavity, the atoms passing through the holes would expegigime maximum coupling. On the con-
trary, if the columns of nanopores are aligned with the nadeke cavity, the atom-cavity coupling
would vanish. We have demonstrated the microlaser laseatipe with adjustable atom-cavity cou-
pling constants in this way. Our technique provides an dppdy to perform various cavity-QED
experiments with continuously scannable atom-cavity toggonstants.
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Figure 1:(a) Experimental setup. (b) Focused ion beam image of thepwe lattice. The pitch is
about 791 nm coinciding with the resonant wavelength of thatg (or atom), and the diameter is
around 200 nm. Observed microlaser signal (mean numberatbpis in the cavity) when the atoms
are localized (c) near the nodes, (d) in-between and (e) treaantinodes.

10. Carnaletal., Phys. Rev. /1, 3079 (1995).
2K. An etal., Phys. Rev. Lett73, 3375 (1994); W. Chogtal., Phys. Rev. Lett96, 093603 (2006).
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From a Single-Photon Source to a Single-lon Laser

C. Russ0, F. Dubin*3, H. Barros 2, A. Stuté-2, C. Bechet*, P. O. Schmidt, R. Blatt'-2

Hnstitut fir Experimentalphysik, Universitat Innsbkjdustria
2Institut fur Quantenoptik und Quanteninformation (IQQQhnsbruck, Austria
3Institute of Photonic Sciences (ICFO), Barcelona, Spain
4Fachrichtung Technische Physik, Universitat des Saalésn Saarbriicken, Germany

We study a singlé®Ca’ ion, confined in a linear Paul trap and coupled to a near-auricenigh
finesse optical cavity. A drive laser together with the gawitode excites an off-resonant Raman
transition that connects the, & and D/, levels of the’®Ca’ ion (see Figure). Population gets
transferred from g, to D3/, while emitting a photon into the cavity. The excitation ey closed
by a recycling laser that brings the atomic population badké initial state $,, after spontaneous
emission. Photons leaving the cavity are sent to a HanbuoyB& Twiss setup, where mean photon
number and second order photon-photon correlations arsuresh

In first experiments, we continuously excite the single-tt@vice and vary the intensities of the
drive and recycling lasers. At low external pumping, theteysevolves at the boundary of the
strong coupling regime where we observe the signature o&atqm laser without threshold. On the
other hand, for strong external pumping an intra-cavitytphawumber exceeding 0.3 is achieved,
resulting in a substantial increase in stimulated emissfgshotons into the cavity. This resembles
the mechanism for lasing in conventional lasers. Conséty@re observe threshold behavior of our
single-ion device in this regime.

In another experiment, we generate single photons on deimaagplying pulsed excitation to the
ion. We first generate a photon in the cavity mode by a pulsheofitive laser. The emitted photon
subsequently leaves the cavity and the ion is projected thetd; ,, State. A recycling pulse then
excites the ion to the P, state from which it decays back to the,g state. This reinitializes the
system and the sequence is repeated. The resulting seaderdptioton-photon correlations reveal
the high efficiency of such a single-photon source and agmébstheoretical simulations of the
process.

Figure 1: A single*°Ca’ ion coupled to a high-finesse cavitlyeft: Level and excitation scheme.
Right: Schematic experimental setup.
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Strong magnetic coupling between an electronic spin qubit
and a mechanical resonator

P. Rabl?, M. D. Lukin®2

!nstitute for Theoretical Atomic, Molecular and Optical y&ics, Cambridge, MA 02138, USA
2Physics Department, Harvard University, Cambridge, MAZRIUSA

Techniques for cooling and manipulating motional statea ndno-mechanical resonator are nowa-
days actively explored, motivated by ideas from quanturarinftion science, testing quantum me-
chanics for macroscopic objects and potential applicatiomano-scale sensing. Here we describe
a technique that enables a coherent coupling between a& ftegitronic spin qubit associated with
a nitrogen-vacancy impurity in diamond and the quantizetioncof a nano-mechanical resonator.
The basic idea can be understood from the prototype systemnsim Fig. (1). Here a single spin
is used to sense the motion of the magnetized, vibratinghag, is separated from the spin by an
average distanck ~ 25 — 50 nm. Oscillations of the tip produce a time-varying magnégtd
that causes Zeeman shifts of the spin qubit. Under realisticlitions the shift corresponding to a
single quantum of motion can approach 100 kHz and exceedthethlectronic spin coherence time
(T> ~ 1 ms) and the intrinsic damping rate,= w./Q, of high-Q mechanical resonators. In this
regime, the spin becomes strongly coupled to mechanicabmist direct analogy to strong coupling
of cavity QED.

We describe how this regime can be achieved in a practidahgepecifically addressing the issues
of fast dephasingZ(; ~ 1 us) of the electronic spin due to interactions with the nuckgan bath.
Under such conditions strong coupling can be achieved byedidgreparation of dressed spin states
which are highly sensitive to the motion of a magnetic resambhut insensitive to perturbations
from the nuclear spin bath. In combination with optical pumggtechniques, the coherent exchange
between spin and motional excitations enables ground staiéng and the controlled generation
of arbitrary quantum superpositions of resonator statesdtlition, optical spin readout techniques
provide a general measurement toolbox for the resonatoemtth quantum limited precision.

resonator magnetic tip

1 5

Figure 1:A magnetic tip attached to the end of a nano-mechanical egsorof dimensionsl, w, t)

is positioned at a distanck ~ 25 nm above a single NV center, thereby creating a strong cogpli
between the electronic spin of the defect center and themofithe resonator. Microwave and laser
fields are used to manipulate and measure the spin states.
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Interaction between neutral atoms and superconducting
surfaces

R. Fermani, S. Scheel, E. A. Hinds, P. L. Knight

Quantum Optics and Laser Science, Blackett LaboratoryehimpCollege London, Prince Consort
Road, London SW7 2BW

An atom close to a dielectric or metallic surface experismoagnetic field fluctuations arising from
thermally-induced noise currents. The origin of those @aisrrents is connected with the finite
resistivity and the skin depth of the substrate.

The use of superconducting films has been proposed as a waguoer thermally-induced nofse
As the resistance of a superconductor is ideally zero, stevald be no thermally-induced noise and
the cryogenic temperature would help to reduce heating aokigoound collisions. However, most
practical applications of superconductivity demonstthg dissipation phenomena can take place in
superconductors. In particular, thin superconductingsfitan be regarded as two-dimensional (2D)
systems where fluctuations resulting from bulk losses sedne hegligible and the dominant noise
source is given by vortex motion.

Neutral atoms are shown to be ideal candidates to probe tlyeetia field due to vortices in thin
superconducting films close to the Kosterlitz-ThoulesseBimskii transition temperature. The re-
laxation timeT of the Zeeman sublevel populations, (due to thermally iedwgpin-flip transitions),
and the transverse relaxation tifiefor Zeeman coherences are shown to be very useful in the study
of the vortex dynamicds

Moreover, the relaxation tim&; depends on physical parameters such as the penetratidn tiept
thickness of the superconducting layer and the atom-sairfigtance. The lifetim@’ has been
calculated for al-wave superconductor which has an anisotropic penetrdgpith. The analysis of
such lifetime allows to define a screening factor as a funatibthe layer thickness which can be
compared with the case of a half planar metal.

1S, Scheel, P. K. Rekdal, P. L. Knight, and E. A. Hindsgmic spin decoherence near conducting and super-
conducting filmsPhys. Rev. A72, 042901 (2005).

23, Scheel, R. Fermani, and E. A. Hindigasibility of studying vortex noise in two-dimensiongberconduc-
tors with cold atomsPhys.Rev.A75, 064901 (2007).
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Strong coupling of single optical emitters to nano-scale
surface plasmons

B. J. Shields, A. V. Akimov!':?, A. S. ZibroV, D. E. Chang, F. H. L. Koppens, C. L. Y.?,
H. Park, P. R. Hemmeér?, M. D. Lukin*

! Department of Physics, Harvard University, Cambridge, MA88, USA
2P. N. Lebedev Physical Institute, Russian Academy of Szseioscow, 119991, Russia
3Department of Chemistry, Harvard University, Cambridged B2138, USA
“Electrical Engineering Department, Texas M8University, College Station, TX 77843, USA

We present an experimental observation of strong optioablany between individual, nanocrystal
CdSe/ZnS quantum dots, as well as Nitrogen-Vacancy coflidecein diamond nanocrystals, and the
guided surface plasmon modes of a proximal silver nanowite strong coupling between emitter
and field is enabled by the unique properties of the plasmateson these nanowires. In particular,
due to the small size of the nanowires1(00 nm in diameter), the surface plasmons are localized
transversely to dimensions well below the diffraction inAn enhancement of the Purcell factor of
the system and photon correlations consisten with a siplgtgen source are observed, and a realistic
theoretical model for these processes is presented.
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Single-Photon Bus between Spin-Wave Quantum
Memories

J. Simor2, H. Tanji'"?, S. Ghosh, V. Vuleti¢?

!Department of Physics, Harvard University, Cambridge, Mashusetts 02138, USA
2Department of Physics, MIT-Harvard Center for UltracolbAts, and Research Laboratory of
Electronics, Massachusetts Institute of Technology, Calgb, Massachusetts 02139, USA

Generation of non-classical correlations (entanglemeetiyeen atom$ photons®, or combinations
thereof, is at the heart of quantum information science. Of pariciriterest are material systems
serving as quantum memories that can be interconnectazhtiytiAn ensemble of atoms can store a
quantum state in the form of a quantized collective spintation (magnon), that can be mapped onto
a photon with high efficiency?. Here we report the phase-coherent transfer of a single omaigom
one atomic ensemble to another via an optical resonatoingeag a quantum bus that in the ideal
case is only virtually populated. Partial transfer detaigstically creates an entangled state with one
excitation jointly stored in the two ensembles. The entamgint is verified by mapping the magnons
onto photons, whose correlations can be directly measurbdse results will enable deterministic
multipartite entanglement between atomic ensembles.
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Figure 1:(a) Recovery efficiency of joint readout of two ensemblespsaeadout phase difference.
High contrast sinusoidal variation indicates large degmdecoherence between the two samples. In-
set: Recovery efficiencies of samples read out individuélly Time dependence of readout, versus
readout phase. (c) Table of all non-negligible diagonahadmts of system density matrix, indicating
supression by a factor of 4 of two-magnon events.

IMatsukevichet. al, Phys. Rev. Lett96 030405 (2006); Choet. al, Nature438 837 (2005).

2Marcikic et. al, Phys. Rev. Lett93 180502 (2004)

3Blinov et. al, Nature428153 (2004); Matsukevickt. al, Phys. Rev. Lett95 040405 (2005).

4Julsgaardkt. al, Nature413400 (2001).

SDuanet. al, Nature414 413 (2001); Blacket. al, Phys. Rev. Lett95, 133601 (2005); Thompscet. al,
Science313 74 (2006); Chanelieret. al, Nature438833 (2005)

6Simonet. al, Phys. Rev. Lett98 183601 (2007)
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Single Atom and Photon Interactions Using a Toroidal
Microresonator: A Photon Turnstile

S. Kelber, B. Dayart, Takao Aokt, A. Parking, E. P. Ostby, K. J. Vahala, H. J. Kimble

! California Institute of Technology, Pasadena, CA 91125AUS
2Department of Physics, University of Auckland, Aucklarelyi¥ealand

Significant advances in quantum information science haga behieved through matter systems that
mediate single photon interactiohdn this contribution we demonstrate the use of a microtaboid
optical resonator to achieve a robust, efficient mechanasmegulating the transport of photons one
by one. We also use computer simulations to examine theteffesurface-induced van der Waals
forces on our atom-cavity system.

In our experiments we monitor the effect of single CS atoiassiting close to a microtoroid critically
coupled to a tapered fiber. As opposed to the strong coupdigigre where the atom-cavity coupling
rate,g, dominates all other dissipation rates, we operate indleabBed 'bad-cavity’ limit where the
coupling of the cavity to the input-output modes dominates<g). The atoms interact with the fields
of the resonator and regulate photon statistics by meansioferference effect involving the directly
transmitted optical field, the intracavity field in the absemf the atom, and the polarization field
radiated by the atorh Photon counting measurements verify the transformatiom & Poissonian to

a sub-Poissonian photon stream. This dynamical mechawismeate the photon turnstile requires
only that the intracavity atomic absorption be large an@iistrobust against experimental variations
in the atom-cavity coupling.

Additionally, numerical simulations modeling surfacehiiced van der Waals interactions between
the toroids and Cs atoms indicate that these forces redaadfdéttive atom couplinge s s, by ~2x.
These results serve as a guide for future experiments thét doectly probe surface interactions or
investigate the possibility of atom trapping near the airface.

Figure 1:A schematic of the experimental setup showing the micratamupled to the tapered fiber
and the associated input and output modes. Falling Cs atamssipg close enough to the toroid
interact with the evanescent field (inset).

1H.J. Kimble,“The Quantum Internet.”, Nature Insight Revi(2008).
2Dayanet. al., Science819, 1062 (2008).
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Protecting entanglement via the quantum Zeno effect

S. Maniscalcd, F. Francica, R. L. Zaffind, N. Lo Gulle?, F. Plastina

'Department of Physics, University of Turku, FI-20014 Tuiknland
2Dip. Fisica, Universita della Calabria, & INFN - Gruppo degato di Cosenza, 87036 Arcavacata
di Rende (CS), Italy

Entanglement is a quantum correlation between two or mars pda composite quantum system.
Erwin Schrdinger described it as “the characteristic wajuantum mechanics, the one that entails
its entire departure from classical lines of thought”. Dgrithe last few decades the potential of
entanglement for new quantum technologies has been egplpeving the way to new areas of
physics combining information theory and communicatiarthtelogy with quantum mechanics.
Entanglement is, however, a very delicate property. Angrandtion of quantum systems with their
environment inevitably destroys it. Since no quantum sgsgsecompletely isolated from the external
environment, the preservation of entanglement may seemsanmountable problem.

We have demonstrate that entanglement can be effectivetgqied from the harming effects of
the environment by using a purely quantum phenomenon, krasathe quantum Zeno effect. The
guantum Zeno effect states that repeated and frequent neeaesots of the state of a quantum system,
aimed at checking whether the system is still in its inittaks or not, may freeze its dynamitsAs

the saying goes “A watched pot never boils”.

Interestingly enough a similar conclusion holds if appiaigr measurements are performed on the
environment rather than on the system itself. Our resultsatstrate that the entanglement of two
quantum bits (qubits) can be protected from entanglemetetrideation simply by monitoring the
environment. Instead of watching the pot we watch the st@amadl Specifically we consider two
entangled atoms in a lossy cavity and we prove that mongdhie cavity field leads to entanglement
protection?.

1B. Misra and E.C.G. Sudarshan, J. Math. PH8.756 (1977)
2S. Maniscalco, F. Francica, R. L. Zaffino, N. Lo Gullo, and Bsfina, Phys. Rev. Letf.00, 090503 (2008)
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Polarity manipulation of Atom-Cavity Coupling Constant
in the Cavity-QED Microlaser

W. Sed, H.-G. Hond, M. Le€', Y. Sond, W. Cho?, R. R. Dasan, M. S. Feld, J.-H. Leé, K. An*

! Department of Physics and Astronomy, Seoul National UsitierSeoul 151-747, Korea
2G. R. Harrison Spectroscopy Laboratory, MIT, MA 02139, 4.S.

In the study of cavity quantum electrodynamics (QED) only #iibsolute value of atom-cavity cou-
pling constant has been considered since in all of the exigertis so far such as cold single atoms in
a cavity! the coupling constant is treated as unipolar. In the prestedly, we ask what happens if
the coupling constant is bipolar in the cavity-QED micrelgs Obviously, if the coupling constant
changes its sign once in an anti-symmetric way during thenatavity interaction time-, the pulse
area of the cavity field seen by the atom would be zero, andahasing would not occur. We show,
however, that a maximum gain can be achieved with a proper-atwvity detuning in this case. In our
experiment performed with a TEM cavity mode interacting with théS,->P; transition (791 nm)
of atomic barium, we observed a minimum lasing on resonare&@eas a maximum lasing occurs
when the detuning is equal 19'(v/27). Our results can be well explained in terms of semiclassical
Bloch vector picture.
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Figure 1:Cavity-QED microlaser output versus atom-cavity deturforga TEM;o mode. Solid line
is a fit curve based on a semiclassical microlaser theory.sldneal at detuning of=22.8 MHz corre-
sponds to on-resonance condition, exhibiting a minimurmdpsignal. The separation between two
peaks around the minimum point is 8.5 MHz, consistent wibrgtical prediction. The inset is the
far-field image of the output signal.

1G. R. Guthéhrleiretal., Nature414, 49 (2001);P. Maungtal., Opt. Lett.28, 46 (2003);T. Puppetal., Phys.
Scr.T112, 7 (2004);S. NuBmanat al., Phys. Rev. Lett95, 173602 (2005);T. Puppet al., Phys. Rev. Lett99,
013002 (2007).

2K. An, J. J. Childs, R. R. Dasari, and M. S. Feld, Phys. Rew. 7& 3375 (1994); W. Choétal., Phys. Rev.
Lett. 96, 093603 (2006).
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Coherent Manipulation of Single Atoms in Cavity QED

S. Kim, C. Shih, M. Gibbons, P. Ahmadi, M. Chapman

!Department of Physics, Georgia Institute of Technologhara, GA 30332, USA

Cavity QED systems consisting of neutral atoms coupledgb finesse optical microcavities have
important applications to quantum information processamgl communication. We have devel-
oped an experimental apparatus with trapped atoms in a highsi cavity in the strong coupling
regime. We have demonstrated deterministic loading armdgeoof individual atoms delivered from
a magneto-optic trap to the resonator using an atom cony&jor

In this poster, we present our progress towards realizingoaatom quantum gate utilizing dual
neutral atom registers in a high finesse optical cavity. Thméwork for achieving this goal is to have
the ability to couple two atoms to the same cavity mode viaiddal conveyors with independent
control which can be seen in Fig. 1.

Figure 1:Florescence image of two lattices between two cavity nstror

Our endeavors have branched out to indepth studies of theablattice. Noise measurements have
shown that lifetimes are limited by instabilities in the @bxdlirection of the trapping potential. With
continuous cooling, lifetimes are extended from 60 s to 30i@néted only by background collisions.
[1] K. Fortier, S. Kim, M. Gibbons, P. Ahmadi, M. Chapman, BhiRev. Lett.98, 233601 (2007).
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Restoring the wave function with Cavity QED of single Yb
atoms

N. Taket, M. Takeucht, M. Uedd*?, M. Kozumd 3

'ERATO Macroscopic Quantum Control Project, JST, Tokyoadap
2Department of Physics, University of Tokyo, Tokyo, Japan
3Department of Physics, Tokyo Institute of Technology, dakgpan

Quantum measurement, i.e., non-unitary process, has tediewda to be irreversible. However,
Royer found a method of restoring the wave function everr #fie measurement procéss Such

a measurement can be implemented for single 1/2 spins by &siraday rotatich Since the infor-
mation on the spin direction can be extracted through thadggr rotation of optical probe pulses,
the spin state changes in a non-unitary manner. Howevée ifdtation angle is small (measurement
is weak), successive measurements probabilisticallyetdhe measurement effect and the premea-
surement state is restored completely.

To implement such a reversible measurement, the detectiBaraday rotation due to a single 1/2
spin is inevitable, that is, a cavity QED system is requirddre we report on real-time detection of
single Yb atoms with a cavity QED system, which is the firspdterealize the reversible measure-
ment. The Yb atoms have several merits for the spin manipualatne of which is a longer coherence
time compared with alkali-atoms. This is because the gratate of Yb atoms is diamagnetic, and
the magnetic moment has its origin only in nuclear spin. Viecs¢he' " Yb isotope, which posseses
1/2 nuclear spin.

The outline of our experiment is as follows: we first trap Ybrat in a magneto-optical trap (Upper
MOT) with *Sy-*P; intercombination transition (556nm). Atoms released ftbeupper MOT are
recaptured with the lower MOT which is located just aboveghHinesse Fabry-Perot cavity. Ultra-
slow atoms are dropped into the cavity and their transitglatected. Our cavity shows the finesse
of aboutl x 10° at 556nm, and the cavity length is stabilized at 150. The resulting atom-cavity
couplingg, the cavity-field decay rate, and the dipole decay rateare(g, x, v)/27=(2.8, 4.8, 0.09)
MHz, respectively. In the presentation we will also repbe bbservation of Faraday rotation with
single Yb atoms.

Atomic oven
Upper

— b Intercombination MOT
Slower

Differential tube — &

~425mm

Lower
Intercombination MOT

.
~10mm Photo detection
Probe beam D) D\

Figure 1:Schematic diagram of the experiment.

IM. Ueda and M. Kitagawa, Phys. Rev. Le#8, 3424 (1992).
2A. Royer, Phys. Rev. A3, 913 (1994).
3H. Terashima and M. Ueda, Phys. Rev74 012102 (2006).
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Precessing magnon as a heralded quantum memory for
photon polarization states

H. Tanji"2, S. Ghosh, J. Simon:2, V. Vuleti¢®

!Department of Physics, Harvard University, Cambridge, Mashusetts 02138, USA
2Department of Physics, MIT-Harvard Center for UltracoltbAts, and Research Laboratory of
Electronics, Massachusetts Institute of Technology, Calge, Massachusetts 02139, USA

A collective excitation of an atomic ensemble (a magnon) imagtrongly coupled to a single mode
of the electromagnetic field. This makes a magnon an ideaidbwith which to store a photonic
guantum state; the conversion to and from a photon is fawlit by the collective strong coupling.
Single excitations have routinely been stored as magnodsetnieved as single photons after a
programmable deldy Transfer of a magnon from one atomic ensemble to anothemviptical res-
onator has also been demonstratéthe versatility of the system, however, is limited by riesions

on accessible photon polarization states due to the phasdimarequirement necessary for strong
coupling. Here we demonstrate the precession of a magntanvgtach removes such restrictions
and, using this technique, realize a heralded quantum mefaparbitrary (unknown) polarization
states. We optically pump an ensemble in a rotating framegenérate a precessing magnon that
corresponds to the input polarization state. The stordd &tdater recovered in the form of a single
photon with a state-independent polarization fidelit90f2)%. The single photon nature of the re-
covered photons is confirmed by a conditional autocor@iatieasurement yielding = 0.24(5),

a four-fold suppression of two-photon events compared toissBn distribution. The quantum mem-
ory demonstrated here may serve as one of the key buildim$for distributed quantum networks
and quantum computers.
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Figure 1:(a) The precession of the ensemble is observed as a variatithe vacuum Rabi splitting
in the transmission spectrum of a weak probe beam througbytieal resonator. (b) The polariza-
tion fidelities for different input statelg)) = cos(0 + Z) |R) + '’ sin(6 + %) |L) for a fixed g,
calculated from the projection of output states in thrednogonal bases, H-V, L-R, and S-T (insets i,
ii, and iii, respectively).

1A. Kuzmichet. al, Nature423 731 (2003); M. D. Eisamast. al, Nature438, 837 (2005); J. Simoet. al,
Phys. Rev. Lett98, 183601 (2007).
2J. Simoret. al, Nature Physic8, 765 (2007).

ICAP 2008, Storrs, CT, USA, July 27 — August 1, 2008 185




“thebook” — 2008/7/8 — 13:08 — page 186 — #208

Poster Session I: Monday, July 28~ MO133 Quantum Optics & Cavity QED

Observation of atom-cavity interaction with cold single
atoms with various coupling constants

Y. Choi, S. Kang, S. Lim, J.-H. Lee, K. An

Department of Physics and Astronomy, Seoul National UsityeiSeoul, 151-747, Korea

Exceptional point(EP) where the energy-level crossing avmided crossing coalesce has drawn
much interest in the study of quantum systems described hyHssmitian Hamiltoniart. Atom-
cavity system with non-negligible damping is also desaibg non-Hermitian Hamiltonian, and
thus it is of considerable interest to observe an EP and tlexpossible non-singular atom-cavity
interaction around the EP. Toward this end, we have devissgwo vary the coupling constant
g between the atom and the cavity in order to achieve EP conditi = |y. — 7»|/2, where
2. is the cavity decay rate ang, is the half width of the atomic transition. For the maximum
coupling constang, achieved in our experiment with atomic rubidium, relevaatgmeters were
(go/2m,~ve/ 27, vp/27)=(16, 19, 3) MHz for a cavity with a finesse of 25000 and a lerafth55
um, and thus the strong coupling conditign;> |v. —~,|/2, was satisfied. We could change the cou-
pling constant by selecting eitheror 7 atomic transition or by employing various TEM, cavity
modes. The atomic transition was selected by the polaoizati a probe laser for cavity transmission
measurement while single atoms dropped from a MOT just atimveavity were traversing the cav-
ity.? So far, we have realized the coupling constant dowq to 0.76go. We plan to investigate the
atom-cavity system across the EP conditign¢ = 0.5g0) by employing high-order TEM modes.
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Figure 1:Transmittance of a cavity coupled with a single rubidiunnatda) With TENo mode and
o polarization for the probe. Coupling constant takes a maxmvalueg = go. (b) TEM,o mode
with o polarization giveg = 0.86go due to increased mode volume. (c) TMith 7 polarization
resulting = 0.76g0 due to decreased transition strength. The transmittance fingle atonil’(1)

is normalized with respect to the empty cavity transmitelfi¢0). The sold curves are theoretical
predictions without adjustable parameters.

1W. D. Heissetal., J. Phys. A: Math. Gen231167 (1990).
2H. Mabuchietal., Opt. Lett.21, 1393 (1996).
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Dynamical Casimir Effect for Two Oscillating Mirrors in
3-D

Cem Yuce, Zalihe Ozcakmakli

Department of Physics, Anadolu University, Eskisehirk@yr

The generation of photons in a three dimensional rectangaldty with two moving boundaries is
studied by using the Multiple Scale Analysis (MSA). Itis slmthat number of photons are enhanced
for the cavity whose walls oscillate symmetrically with pest to the center of the cavity. The non-
stationary Casimir effect is also discussed for the cavitictv oscillates as a whole.
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