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Controlled Collisions with Neutral Atoms in Optical Lattices 
 

Markus Greiner, Olaf Mandel, Artur Widera, Tim Rom,  
Theodor W. Hänsch & Immanuel Bloch 

 
Ludwig-Maximilians-Universität  München, Sektion Physik, München & 

Max-Planck Institut für Quantenoptik, Garching 
 

 

When neutral atoms from an atomic Bose-Einstein condensate are loaded into a three 

dimensional optical lattice potential, one can observe a transition to a Mott insulating regime, 

where each lattice site is ideally occupied by a single atom. Such a Mott insulator provides a 

unique environment for quantum information processing, where a qubit is formed by a single 

atom on a lattice site and a large number of lattice sites of up to 105 can be filled with atoms.  

So far mainly state independent optical lattice potentials have been used to trap Bose-Einstein 

condensates. However it has been realized that by using spin-dependent potentials one could 

bring atoms on neighboring lattice sites into contact and thereby realize fundamental quantum 

gates, excite spin waves, study quantum random walks or realize an almost universal quantum 

simulator that could be used to study fundamental condenses matter physics Hamiltonians, 

which are difficult to solve on classical computers. We present our latest results on such 

controlled collisions between neutral atoms in optical lattices by using spin-dependent optical 

potentials. In the talk, different signatures of the coherent collisional dynamics of atoms on 

neighboring lattice sites will be discussed, as well as the possibility to realize a tuneable 

interstate interaction between atoms on a single lattice site.  
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Single Ions for Quantum Information Processing 
 
 
We are interested in Quantum Information Processing (QI) using a string of trapped ions, 
where each ion represents a bit quantum information (qubit). The experimentally most 
challenging operation towards this goal is to implement quantum logic gate operations on this 
quantum register. We present the realization of single and two-qubit gates (Cirac&Zoller 
gate proposal, 1995). 
 
As a first proof of principle, and to show the feasibility of QI, we have implemented the 
Deutsch algorithm (Deutsch&Jozsa, 1992) : The answer to the question wheter a coin is fair 
(head on one side, tails on the other) or fake (both sides equal) requires two examinations, i.e. 
a look on both sides for any classical algorithm. However, if the problem is represented by 
operations of a quantum processor, only one examination is necessary to answer this question. 
 
Finally, we outline a method to convert static qubits (e.g. as stored in a string of ions) into 
photonic (“flying”) qubits. Merging techniques from cavity-QED and ion trapping, we are 
able to localize an ion within a few nm in the waist of a high finesse cavity mode and observe 
coherent dynamics between cavity field and ion tow-level system. Further, we report the 
observation of the Purcell effect, a reduction of life time of the atoms’s state, if the cavity is 
resonant with the atomic transition.  
 
 
 
 
 
 
Address:  
Ferdinand Schmidt-Kaler 
Experimentalphysik, Uni Innsbruck 
Technikerstr. 25 
A-6020 Innsbruck 
 
Ferdinand.schmidt-kaler@uibk.ac.at 
 



Manipulating individual atoms
for quantum information processing.

Georges Reymond, Silvia Bergamini, Antoine Browaeys, Benoit Darquié,
Alexios Beveratos, Jean-Philippe Poizat, Rosa Brouri, and Philippe Grangier

Laboratoire Charles Fabry de l'Institut d'Optique, B.P. 147, 91403 Orsay Cedex - France
Tel : 33 (0)1 69 35 87 35, Fax : 33 (0)1 69 35 87 00, E-mail : philippe.grangier@iota.u-psud.fr

Abstract: We will describe several experiments where single atoms are used towards applications
in quantum information processing and communications. One experiment is based upon a very
small optical dipole trap, designed to store and manipulate individual atoms, and the perspectives
for using this system for quantum information processing will be discussed. The other experiment
uses individual nitrogen atoms, embedded in a diamond nanocrystal, in order to emit single
photons "on demand". This single photon source has been used to implement a full quantum key
distribution protocol using "true" single photons.

There is currently a strong interest for the manipulation of individual neutral atoms in various settings.
Besides their fundamental interest, the manipulations of individual quantum objects may open the way to controlled
engineering of the quantum state of small sets of trapped particles, in order to encode and process information at the
quantum level.

In this context, we have demonstrated that it is possible to load and detect individual atoms in an optical
dipole trap with a sub-micrometer size [1-2]. The experimental set-up consists of a strongly focused dipole trap,
produced by an objective that gives a diffraction-limited spot of 0.7 µm. It has been observed that the trap can
contain only one (or zero) atom over a wide range of  loading rates. This behaviour is well reproduced  by a simple
"collisional blockade" model, that includes loading, one-body decay, and two-body decay [2]. In the collisional
blockade regime, two-body decay is the dominant loss mechanism as soon as there are two atoms in the trap.

Once one single atom is loaded in the trap, one can measure its temperature and oscillation frequencies. From our
measurements the typical oscillations frequencies are fx = fy = 140 kHz, and fz = 30 kHz for a trapping beam power
2 mW, and the temperature is around 35 µK, i.e. below the Doppler limit. In order to progress towards quantum
gates and  atom-atom entanglement, we have sent another trapping beam at a small angle in the same optics,  in
order to trap two atoms at a controlled distance, that can be easily adjusted in the range 1-10 µm.

Various ways to couple the two atoms can then be envisioned, such as a Rydberg state scheme inspired from a
proposal by the Innsbruck group [3, 4], or a scheme for "conditional quantum logic", where an arbitrary unitary
operation (i.e. a CNOT gate, a Bell measurement...) is realized on a pair of trapped atom (the two qubits), upon the
detection of a  single scattered photon (the trigger) [5], or a scheme based on cold collisions.

As an alternative, "all-solid-state", approach to quantum information processing, we will describe how a single
colored center embedded in a diamond nanocrystal can be used to implement a very simple single photon source,
that we have used to carry out a full quantum key distribution protocol [6].

[1] N. Schlosser et al, "Sub-poissonian loading of single atoms in a microscopic dipole trap",
Nature 411, 1024 (2001).

[2] N. Schlosser et al, "Collisional blockade in microscopic optical dipole traps"
Phys. Rev. Lett. 89, 023005 (2002).

[3] D. Jaksch et al, "Fast quantum gates for neutral atoms", Phys. Rev. Lett. 85, pp.2208-2211, (2000).
[4] I. E. Protsenko et al,  "Quantum phase gate using neutral atoms in microscopic dipole traps",

Phys. Rev. A 65, 052301 (2002).
[5] I. E. Protsenko et al, "Conditional quantum logic'', Phys. Rev. A 66, 062306 (2002).
[6] A. Beveratos  et al, "Single photon quantum cryptography", Phys. Rev. Lett. 89, 187901 (2002)



Recent Progress in Quantum Teleportation with Photonic Qubits 
 
Abstract: 
 
Some recent experimental progress and fruther possibilities in quantum teleportation of qubits 
stored in photon polarization will be discussed. These results allow to (a) identify more than one 
Bell state, (b) teleport entangled photon states with high quality, (c) obtain teleprotation without 
post-selection, and (d) improve quantum teleportation over large distances 
 
 
--  
Anton Zeilinger 
Professor of Physics 
 
Institut fuer Experimentalphysik 
University of Vienna 
Boltzmanngasse 5 
1090 Wien 
Austria 
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Measurements of the Wigner Function with Rydberg atoms in

cavity QED

Michel BRUNE

Laboratoire Kastler Brossel, 24 rue Lhomond, 75005 Paris, France Tel: 33 1 44 32 33 65,
Fax: 33 1 44 32 34 34, email: michel.brune@lkb.ens.fr

We have measured the Wigner function W of the vacuum and of a one photon field prepared
in a high Q cavity. We implement a method proposed by Lutterbach and Davidovich [1]. The
field state is prepared in a superconducting microwave cavity and measured by a single circular
Rydberg atom which is strongly coupled to the cavity mode [3]. An analysis of the measured
Wigner function allows to reconstruct efficiently the actual photon number distribution of the
prepared field.

The Lutterbach-Davidovich method relies on an expression of the Wigner function due to
Cahill and Glauber [4] which expresses the Wigner distibution in term of the average value of
the parity operator P . Measurement of the parity operator relies on the dispersive atom-field
interaction which results in light shifts of the atomic frequency. When the atom crosses the
cavity, the atomic state accumulates a phase shift which is proportional to the photon number.
This phase shift is measured by Ramsey interferometry. If the atom-cavity interaction time is
adjusted so that the single photon phase shift is π , the algebraic contrast of the Ramsey fringes
signal is directly the average value of P .

The measurements clearly demonstrate the expected negativity of W when we prepare the
one photon state. We make a quantitative analysis of the data by fitting the photon number
distribution on the measured values of W . The measurements allow to completely characterize
the prepared states.

The direct extension is the measurement of field states with a definite phase such as a small
coherent field or a superposition of zero- and one-photon states. This is within the reach of the
experiment in its present state. A more demanding goal in term of cavity damping time is the
measurement of W for larger photon number Fock states as well as for Schrödinger cat states of
the cavity field [5]. This should be made possible by using an improved cavity which is presently
in construction.

References

[1]L.G. Lutterbach and L. Davidovich, Phys. Rev. Lett. 78, 2547 (1997).

[2] P. Bertet et al., PRL 89, 200402 (2002).

[3] J.M. Raimond, M. Brune and S. Haroche, Rev. Mod. Phys 73, 565 (2001).

[4] K.E. Cahill and R.J. Glauber, Phys. Rev. 177, 1857 (1969) ; ibid 177, 1882 (1969).

[5] L. Davidovich, M. Brune, J.M. Raimond and S. Haroche, Phys. Rev. A53,1295 (1996).
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Individual Atoms and Photons in Cavity QED 
 

Gerhard Rempe 
Max-Planck-Institut für Quantenoptik, Hans-Kopfermann-Str. 1, D-85748 Garching, Germany 
Tel: +49 (0)89 32905 701; Fax: +49 (0)89 32905 311; Email: gerhard.rempe@mpq.mpg.de 

 
A single atom at rest and strongly coupled to a single mode of a high-finesse optical cavity is a 
close-to-ideal quantum system for both fundamental investigations and applications [1]. For 
example, cavity QED systems are unique in the sense that they allow one to observe and control a 
single moving atom in real-time with unprecedented spatial and temporal resolution. Indeed, a 
recent experiment has demonstrated that it is possible to manipulate the motion of a single intra-
cavity atom by means of feedback [2]. The feedback led to a significantly longer storage time, 
limited by random momentum kicks from the near-resonant light field employed. An improved 
version of the experiment therefore requires a far-detuned dipole trap [3] and a cooling mechanism 
like the one proposed by Horak et al. [4] and Vuletic et al. [5]. To achieve these goals, we are now 
applying two laser fields, one far-detuned for trapping and the other with a near-optimal frequency 
for observing and cooling. First experimental results show trapping times exceeding 100 ms, more 
than 10 times longer than the average trapping time measured in the dipole trap alone, and several 
100 times longer than achieved previously in a near-resonant light field [6, 7]. This constitutes the 
first clear observation of cavity-mediated cooling.  
 Cavity QED systems will also find an exciting application in the processing of quantum 
information, where they might constitute the key ingredient of a distributed quantum network with 
stationary atoms as quantum memories and flying photons as quantum messengers [8]. In fact, a 
strongly coupled atom-cavity system can serve as an interface between light and matter. An 
important step into this direction has recently been made by the realization of a novel light source 
emitting a sequence of single-photon pulses on demand into a well-defined mode of the radiation 
field [9]. In the experiment, the photons are produced by an adiabatic passage technique without 
atomic excitation [10]. The photon generation process is therefore intrinsically reversible – an 
essential requirement for a quantum network. To measure the properties of the single-photon pulse, 
one can use the fact that the duration of the light pulse is longer than the resolution time of a typical 
photon-counting detector. Hence, the pulse amplitude can be determined by standard photon 
counting techniques. Moreover, an estimate of the phase evolution of the pulse can be obtained by 
beating it with a suitable local oscillator, e.g. another single-photon pulse. In a first experiment with 
two consecutively emitted photons interfering on a beam splitter, we have observed a perfect anti-
correlation for detection events occurring within a short time interval at the two output ports of the 
beam splitter, but a reduced effect for larger detection-time differences. The perfect anti-correlation 
demonstrates the robustness of second-order interference against phase and frequency fluctuations 
of the emitted photons – an interesting result for all-optical quantum information processing [11].  
                                                 
  1. H. Mabuchi et al., Science 298, 1372 (2002) 
  2. T. Fischer et al., Phys. Rev. Lett. 88, 163002 (2002) 
  3. Y. Ye et al., Phys. Rev. Lett. 83, 4987 (1999) 
  4. P. Horak et al., Phys. Rev. Lett. 79, 4974 (1997) 
  5. V. Vuletic et al., Phys. Rev. Lett. 84, 3787 (2000) 
  6. P.W.H. Pinkse et al., Nature 404, 365 (2000) 
  7. C.J. Hood et al., Science 287, 1447 (2000) 
  8. J.I. Cirac et al., Phys. Rev. Lett. 78, 3221 (1997) 
  9. A. Kuhn et al., Phys. Rev. Lett. 89, 067901 (2002) 
10. M. Hennrich et al., Phys. Rev. Lett. 85, 4872 (2000) 
11. E. Knill et al., Nature 409, 46 (2001) 



Cooling and Slowing of Atoms in an Optical Cavity

Hilton W. Chan, Adam T. Black, and Vladan Vuletić

Department of Physics, Stanford University, Stanford, California 94305-4060

Abstract

We report on collective-emission-induced forces acting on Cs atoms inside an optical cavity. Cs

atoms are collected in a magneto-optical trap and dropped along the axis of a vertically oriented,

confocal cavity. Two horizontal, counterpropagating laser beams, red detuned from the CsD2

transition by an amount δa, illuminate the falling cloud. During this process, above a threshold

atomic scattering rate, we observe laser emission into the resonator. Forces that deccelerate and

cool the atoms accompany the laser emission.

At red laser detunings |δa| ≤ 200 MHz, comparable to the excited state hyperfine structure, we

observe stopping and cooling of 90% of the atoms to temperatures as low as 7µK, well below the

atomic and cavity Doppler widths. We have measured that the system exhibits optical gain at

frequencies shifted from the incident beam frequency by the atomic center-of-mass Doppler effect

and by the Zeeman effect. The laser emission occurs at the frequency of maximum optical gain.

At laser detunings as large as δa = -2.5 GHz, collective emission has also been observed. In this

case the spectrum of the optical gain depends only on the velocity of the atoms. The scattering

rate per atom into the cavity increases by as much as a factor of 1000 over the single-atom cavity

scattering rate. Even at these large detunings, a slowing of the falling cloud is observed.

PACS numbers: 32.80.Lg, 32.80.Pj

1



Laser Cooling without Spontaneous Photons

Th. Elsässer, B. Nagorny, A. Hemmerich
Institut für Laser-Physik, Universität Hamburg, 20355 Hamburg, Germany

Experiments are reported that demonstrate an efficient laser cooling mechanism which
applies to arbitrary polarizable particles like atoms or molecules. The cooling effect emerges via
collective coherent scattering inside a far off-resonant optical lattice enhanced by a high finesse
(F=180000) ring cavity. Together with tight trapping in the optical lattice potentials (well inside
the Lamb-Dicke regime), a favorable combination of low final temperatures and high densities is
obtained.

In our experiments the cavity is pumped bidirectionally from a stabilized diode laser source
with a power of 1 microwatt and a detuning of 0.7 nm with respect to the D2 line of rubidium.
The far-off resonant optical standing wave produced inside the cavity is loaded with about
1 million rubidium atoms at a temperature of 100 microkelvin by a magneto-optic trap (MOT).
After several ten ms a flash of near resonant light of typically 100 microseconds duration is
applied along the radial direction which yields a fast temperature drop and a corresponding light
pulse emerging from the resonator.



"Quantum dot single photon source: prospects for applications in quantum information 
processing." 
  
Abstract: A single quantum dot can provide a sequence of optical pulses that contain one-and-
only-one photon. I will review the properties of these sources and discuss their relevance for 
the recent proposal for implementing efficient quantum computation using linear optical 
elements, single-photon sources, and high-efficiency photo-detectors. 
  
  
Atac Imamoglu 
  
 



control of electrons and photons on nanoscale - problems and perspectives 
 
Manfred Bayer 
Experimentelle Physik II, Universität Dortmund 
 
During recent years intense research efforts have been undertaken to control the properties of 
electrons and photons in semiconductors in detail. Such a control is an indispensable prerequisite 
for the realization of novel concepts for quantum optics or quantum information processing. The 
goal of this talk will be to give some overview of the current status of these activities. In particular, 
problems and potential solutions will be discussed. 
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Photoassociation and cold molecules: formation and trapping 
 

Pierre Pillet 
 

Laboratoire Aimé Cotton, CNRS, Bât. 505, Campus d’Orsay, 91405 Orsay cedex, France 
 
pierre.pillet@lac.u-psud.fr 
http://www.lac.u-psud.fr/ 
 

Photoassociation of ultracold atoms followed by spontaneous emission opens a way 
for the achievement of samples of ultracold molecules [1]. The efficiency of ultracold ground-
state molecules depends on the branching ratio between bound-bound (formation of ultracold 
molecules) and bound-free (dissociation) transitions for the excited photoassociated molecules 
[2]. Long-range states in particular below the dissociation limits 6s+6p of the cesium dimer 
present several schemes with Condon points at intermediate distances, offering efficient 
channels for the formation of molecules in the ground state or in the lowest triplet state [3]. 
Temperatures of the obtained molecular cloud are measured in the 10-200 µK range, and 
formation rates up to 0.2 cold molecule per second and per atom are obtained experimentally 
in the case of a magneto-optical trap [2]. 

 
Accumulating the cold molecules formed in the lowest triplet state inside a magnetic 

trap offers the possibility to realize a sample with a relatively large number of molecules. A 
mixed atomic and molecular trap, constituted by a Cs vapor cell magneto-optical trap (MOT) 
and a quadrupolar magnetic Cs2 trap has so been performed by using a high magnetic field 
gradient. The accumulation inside the trap has been demonstrated for 2 105 molecules formed 
via a 200 ms photoassociation process, in the lowest triplet state at a temperature of 30 µK. 
The life time of the trapped molecular cloud is of the order of one second, mostly limited by 
the residual vacuum [4]. Possibility of using a light dipole trap will be discussed. Selecting the 
ground-sate molecules in a well-defined ro-vibrational level will be analyzed in the case of 
use of stimulated Raman photoassociation processes [5]. 
 
1 - Formation of cold Cs2 molecules through photoassociation, A. Fioretti, D. Comparat, A. 
Crubellier, O. Dulieu, F. Masnou-Seeuws, and P. Pillet, Phys. Rev. Lett. 80, 4402 (1998). 
2 - Experimental versus theoretical rates for photoassociation and for formation of ultracold 
molecules, C. Drag, B. Laburthe-Tolra, O. Dulieu, D. Comparat, M. Vatasescu, S. Boussen, S. 
Guibal, A. Crubellier, and P. Pillet, IEEE Journal of Quantum Electronics, 36, 1378 (2000).  
3 - Resonant coupling in the formation of ultracold ground-state molecules via 
photoassociation, C.M. Dion, C. Drag, O. Dulieu, B. Laburthe-Tolra, F. Masnou-Seeuws, and 
P. Pillet, Phys. Rev. Lett. 86, 2253 (2001). 
4 - Accumulation of cold cesium molecules via photoassociation in a mixed atomic and 
molecular trap, N. Vanhaecke, W. de Souza Melo, B. Laburthe Tolra, D. Comparat, P. Pillet, 
Phys. Rev. Lett. 89, 063001 (2002). 
5 -  Line shape analysis of two-color photoassociation spectra on the eample of Cs2 ground state 
C. Lisdat, N. Vanhaecke, D. Comparat, P. Pillet, EPJD 21, 299 (2002). 
 
 



Interactions in a mixture of 
optically trapped lithium and cesium 

 
M. Weidemüller * 

Max-Planck-Institut für Kernphysik, 69029 Heidelberg, Germany 
Tel.: +49 6221 516517, Fax: +49 6221 516602, eMail: m.weidemueller@mpi-hd.mpg.de 

 
We investigate interaction processes in a gas of ultracold lithium and cesium atoms, which are 
simultaneously stored in a quasi-electrostatic optical dipole trap (QUEST). The QUEST [1] provides an 
ideal environment for the study of interaction processes between different atomic species in the electronic 
ground state since the trapping potential only depends on the static polarizability of the particles [2]. The 
combination of Li and Cs is of particular interest. Because of the low temperatures that can be achieved 
by optical cooling, Cs is an ideal cooling agent for sympathetic cooling of the fermionic and bosonic Li 
isotopes. Furthermore, the heteronuclear dimer LiCs (electric dipole moment ~5 Debye) may be formed 
in its ground state by photoassociation of cold Li and Cs. We present our results on ground-state 
interactions and thermodynamics in a binary mixture of Li and Cs, which have revealed surprising effects 
in the Li-Cs interactions [3]. We discuss the prospects of LiCs photoassociation and show recent 
experiments on high-resolution photoassociation spectroscopy of optically trapped cesium. 

 
 

(a)  (b) 

 
Fig. 1. (a) Loss-less sympathetic cooling of optically trapped lithium (open diamonds) by laser-cooled cesium 

(closed circles). (b) Photoassociation spectrum of the Cs2(0g
¯, v=10) state with resolved rotational structure. Shown 

is the fraction of trapped atoms after 3 seconds of interaction with the photoassociation laser as a function of 
detuning from the Cs D2 line. 

 
 
* Work performed in collaboration with M. Mudrich, S. Kraft, J. Lange, K. Singer, M. Staudt, R. Grimm (Universität Innsbruck), and A. Mosk 

(FOM-Instituut Rijnhuizen). 
[1]  T. Takekoshi and R. J. Knize, Opt. Lett. 21, 77 (1996). 
[2]  R. Grimm, M. Weidemüller, and Yu. B. Ovchinnikov, Adv. At. Mol. Opt. Phys. 42, 95 (2000). 
[3]  M. Mudrich, S. Kraft, K. Singer, R. Grimm, A. Mosk, M. Weidemüller, Phys. Rev. Lett. 88, 253001 (2002). 
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PHOTOASSOCIATION AND FESHBACH RESONANCE IN A BEC

Juha Javanainen, University of Connecticut
jj@phys.uconn.edu

We discuss the mathematically equivalent theories of photoassociation and Feshbach
resonance in a Bose-Einstein Condensate. We include modes for atomic and molecular
condensates,  noncondensate atoms, and pair correlations between the latter. Collisional
quenching of the molecules is also considered.  The theory is solved numerically.
Predictions  include a density dependent limit for the rate of molecule formations that is
more stringent than the unitarity limit of collision theory, and rapid adiabatic passage of
the atomic condensate to a molecular condensate that works when the magnetic field is
swept across the Feshbach resonance in a certain direction but not with the opposite-
going sweep. We describe our attempts to reach a quantitative agreement with the
Feshbach resonance experiments of Carl Wieman’s group.



Atom�Molecule Coherence

H� T� C� Stoof

Institute for Theoretical Physics� Department of Physics and Astronomy�

Utrecht University� Leuvenlaan �� ���� CE Utrecht� The Netherlands

Abstract

We present the appropriate microscopic Hamiltonian for an atomic gas near

a Feshbach resonance� We show that this Hamiltonian incorporates both the

binding energy of the molecules and the scattering properties of the atoms

exactly� Since this is achieved at the quantum level� and not at the mean�

�eld level as in previous approaches� the theory can be immediately applied

to both the normal and super�uid phases of trapped atomic Bose and Fermi

gases� We discuss a number of such applications in detail�

�



Engineering quantum phases of ultra-cold atoms
in optical lattices

M.D.Lukin

Physics Department, Harvard University

lukin@physics.harvard.edu

We will discuss how recently demonstrated techniques for controlling cold

atoms in optical lattices could be used for “engineering” quantum phases and

quantum correlated atomic states. In particular, we will show that confine-

ment in optical lattices can be used to dramatically enhance superfluidity of

fermionic atoms. Similar techniques can be used to accurately study quan-

tum magnetic interactions, to investigate the effects of dissipation on quan-

tum phase transitions and to ”engineer” exotic quantum phases of many-

body systems. Such systems can probe fundamental problems in many-body

physics such as the origin of high temperature superconductivity.

1



Strongly correlated atomic systems. 
 
Experiments with ultracold atoms in optical lattices offer an interesting possibility to study 
strongly correlated systems of atoms in the very well understood regime of low densities and 
interactions between the atoms.  
Using the fact that in low dimensional systems the interaction can alter statistics of excitations we 
show a number of examples of both systems of bosonic and fermionis showing a range of 
phenomena from spin-density separation and Kondo-effect to quantum Hall effect states. 
 
 



Fibre-optic cavities for the observation of single guided atoms 
 

Peter Horak, Bruce G. Klappauf, and Peter Kazansky 
 

Optoelectronics Research Centre, University of Southampton, Southampton SO17 1BJ, United Kingdom 
e-mail: peh@orc.soton.ac.uk 

 
We investigate a variety of designs to use standard fibre technology for optical access to atoms trapped in 
miniaturised magnetic traps on the surface of silicon or glass substrates. 
 
The main advantage of optical fibres for atom detection or manipulation is the tight transverse confinement of 
the guided modes. Typically, the waist of a light beam emerging from the end of a single-mode fibre is of the 
order of a few microns, which is about a factor of ten smaller than the waist of light modes in present cavity 
QED experiments. Thus the effective interaction of an atom with a single photon is increased by two orders of 
magnitude. We therefore find that fibre-based cavities provide strong coupling to single atoms even for relatively 
modest mirror reflectivity. As an example, we discuss single-atom detection by such devices. 
 
First, we investigate theoretically the properties of a standing wave cavity [1]. The cavity consists of two fibre 
pieces with Bragg mirrors or reflective coatings on one side of each fibre with the non-reflecting ends facing 
each other. The gap of several microns between the two fibres is large enough to accommodate an atom micro-
trap or guide. The cavity is resonantly driven by a laser through one of the mirrors and the transmission through 
the other mirror is measured. A drop in the cavity output indicates the presence of an atom in the gap, as shown 
in figure 1(a). We find that a mirror reflectivity as low as 97-99% is sufficient for the detection of single atoms 
with good signal-to-noise ratios and with only a few photons scattered spontaneously by the atom during the 
detection time. This also holds taking into account atomic motion and momentum diffusion under realistic 
conditions in a trap. 
 
Another possibility consists of a ring cavity built out of a 2x2-port fibre coupler where one input and one output 
fibre are coupled to each other via a small gap. In this case the additional counter-propagating mode creates a 
range of additional effects. We have found that, in contrast to the standing-wave cavity, a ring-cavity is very 
sensitive to the actual size of the gap, i.e., whether the gap itself together with the Fresnel reflection at the fibre 
ends forms a resonant or off-resonant micron-sized cavity, see figure 1(b) and (c). Optimising the ring cavity 
parameters leads to single-atom detection efficiencies which are similar to those of the standing wave cavity. 
 
We have realised a fibre-coupler ring cavity and a standing-wave cavity with gold mirrors on 2cm lengths of 
fibre. We measured the loss in the gap as a function of gap size and verified that it behaves as predicted. The 
finesse of these first efforts was limited by internal losses in the coupler respectively by the quality of the gold 
mirrors. With improved reflectivity a finesse of 100 or more seems achievable in both cases. Another effort was 
a standing-wave cavity built with two gold-coated gradient index (GRIN) lenses. This has the advantage that the 
focusing effect of the lenses allows much larger gap sizes (of the order of 100 µm) without excessively large 
losses. On the other hand, it is much more difficult to obtain single transverse mode operation in such a system. 
The highest finesse in the GRIN-lens cavity is limited by the reflectivity of the gold coatings and is again of the 
order of 100.  
 
[1] P. Horak et al., e-print quant-ph/0210090 (2002). 
 
 
Figure 1: Intensity of light transmitted through the cavity 
without an atom (solid lines) and with an atom (dashed 
lines) versus mirror reflectivity. The size of the cavity gap 
containing the atom is about 7.3 µm. (a) Standing wave 
cavity with resonant gap. (b) Ring cavity with resonant 
gap. (c) Ring cavity with off-resonant gap. In all cases the 
atom is resonant with the pump light. Cavity frequency 
and atomic position are chosen to maximise the change in 
cavity output. 
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"BCS- to Bose-crossover in ultracold Fermigases" 
 
Abstract:  In the light of the recent realization of a highly degenerate and strongly interacting gas 
of Fermionic ^6Li-atoms (K.M.O'Hara et.al. Science 298, 2179 (2002)), 
 
we discuss a simple model which describes the crossover from a weak coupling BCS-superfluid 
of Cooper-pairs with a size much larger than the interparticle spacing to a Bose-Einstein-
condensate of strongly bound Fermionic pairs.  Using a coherent state path integral formulation, 
it is shown in particular that there is a repulsive interaction between the pairs of purely statistical 
origin.  
It is described by an effective dimer-dimer scattering length in three dimensions which turns out 
to vanish in the Bose-limit. In an effectively 2d situation, however, the repulsion between dimers 
due to the Pauli-principle of its constituents remains finite even at very strong coupling.  
Regarding simple experimental signatures of the transition to the superfluid state of Fermionic 
atoms in a harmonic trap, it is shown that even with moderately strong attractive interactions 
where  k_F |a|  is of order one, the transition is associated with only rather small changes in the 
density and momentum distribution. 
 
 
 
Wilhelm Zwerger 
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Sandro Stringari 
 
Effects of superfluidity in trapped Fermi gases 
 
Abstract 
 
I will discuss possible signatures of superfluidity in trapped Fermi gases. These include the 
dynamics of the expansion, the behaviour of the collective oscillations, rotational effects 
(moment of inertia and quantized vortices) and Josephson like effects. I will also point out 
analogies and differences between such systems and cold normal Fermi gases in the collisional 
regime. 
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Josephson effect and Bloch oscillations in atomic Fermi-gases

M. Rodriguez�, Gh.-S. Paraoanu� and P. Törmä�

� Laboratory of Computational Engineering, P.O.Box 9203, FIN-02015 HUT, Finland
�Department of Physics, University of Jyväskylä, P.O.Box 35, FIN-40351 Jyväskylä, Fin-
land

We consider an analog of the internal Josephson effect in superfluid atomic Fermi-gases.
Four different hyperfine states of the atoms are assumed to be trapped and to form two
superfluids via the BCS-type pairing. We show that Josephson oscillations can be real-
ized by coupling the superfluids with two laser fields. Choosing the laser detunings in a
suitable way leads to an asymmetric below-gap tunneling effect for which there exists no
analogue in the context of solid-state superconductivity.

We also discuss the possibility of Bloch oscillations for cold fermionic atoms in optical
lattices. We consider atoms in the normal and in the superfluid state.



Entanglement creation in multiparticle systems 
 

F. Verstraete(1), T. Cubitt(1), W. Dür(2), M. Popp(1), J.J. Garcia-Ripoll(1), and J. I. Cirac(1) 
 

(1) Max-Planck Institut für Quantenoptik, Hans-Kopfermann Str. 1, Garching, GERMANY 
(2) Ludwig-Maximillian Universität, Theresienstr. 25, Munich, GERMANY 

 
 
The process of entanglement between particles usually takes place through their interaction 
with a third system. In this contribution we will show how it is possible to entangle two 
systems, A and B, via their interaction with a third system, C, which remains at all times 
disentangled from A and B. We will explain this phenomenon in terms of the properties of 
certain multiparticle states. We will also analyze the role of entanglement in spin systems, and 
we will make a connection between this property and the correlation functions which are 
usually studied in Stastical Mechanics. 
 
 



"Entanglement purification of cluster- and similar multi-party entangled states"  

Hans Briegel, LMU Munich  

Abtract:  
Cluster states have been shown to be the central resource in the one-way quantum computer.  
In this talk, we show how cluster states can be purifed by a multi-party purification protocol, 
which is remarkably robust against local noise.  The protocol generalizes to (a subclass of)  
so-called graph states, including the GHZ states and a variety of quantum error correcting 
codes.  
As a consequence, the class of states that are purified is useful both for quantum computation 
and for multi-party communication.  
   
   

 



Entanglement manipulation in continuous variable systems.
Daniel E. Browne1, Jens Eisert2, Martin B. Plenio 1, Stefan Scheel1

1 QOLS, Blackett Laboratory, Imperial College London, London SW7 2BW, UK
2 Institute of Physics, Universität Potsdam, Potsdam Germany

Originally, the development of the formal apparatus of quantum information theory assumed finite
dimensional systems such as the paradigmatic qubit. In recent years however the entanglement prop-
erties of infinite dimensional systems such as harmonic oscillators or optical field modes have received
considerable attention. Indeed, field modes of light feature a number of advantages concerning their ex-
perimental manageability compared to other quantum systems: For optical systems, both reliable sources
producing quantum states and efficient detection schemes such as homodyne detection are experimen-
tally readily available. Quantum states can also be manipulated in an accurate manner by means of
passive optical elements such as beam splitters and phase plates. In fact, it has been realized that such
systems – often referred to as continuous-variable systems – offer a promising potential for realistic
quantum information processing. Indeed quantum teleportation for continuous-variables have been pro-
posed theoretically and experimentally implemented, the generation of entanglement has been studied
and cryptographic schemes have been suggested. These investigations complement the original studies
of information science in the finite-dimensional regime.

In this talk I will introduce the basic notions of entanglement in continuous variables and motivate
the basic questions that are being studied in this area. I will then address the particular problem of entan-
glement distillation in continuous variable systems. I will review some results that have been obtained by
us and other groups and will finish by presenting some of the most recent work from Imperial College.

1



Georg Raithel 
 
Cold Rydberg atoms – new venues in quantum information 
 
The convergence of laser-cooling and trapping techniques with traditional Rydberg atom 
spectroscopy has opened up a new and wide-open frontier with implications in quantum 
information processing, cold-plasma physics, high resolution spectroscopy, and the study 
of novel atomic systems.  Utilizing cryogenic atom traps, we have made several forays 
into these areas.  
 
Laser-cooled neutral atoms, with temporary excitation to Rydberg states, have been 
proposed as a platform for quantum computing.  I will discuss our efforts to realize a 
microscopic “dipole blockade” in a cold Rydberg atom gas. This (coherent) mechanism 
may become an important tool in neutral-atom quantum information processing and 
mesoscopic entanglement. I will further discuss the (incoherent) dynamics that occurs 
due to various types of collisions in cold Rydberg gases and plasmas. We observe 
electron trapping, l-mixing and n-mixing collisions, and full-scale ionization. 
Experiments in which we study the role of black-body radiation in these systems are 
underway. An update on experiments that aim at the trapping of Rydberg atoms in 
conservative magnetostatic, electrostatic, and ponderomotive potentials will be given. 
Trapped Rydberg atoms are expected to become a powerful tool in high-precision 
spectroscopy and fundamental measurements. Finally, the physics of exotic, highly 
magnetized Rydberg states will be discussed, which – as we believe - will play an 
important role in strongly magnetized cold plasmas. I will describe a superconducting 
atom trap that we have built in order to extend cold-plasma research into the domain of 
very high magnetic fields.  
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Optically coupled atomic ensembles:  
from continuous variables to cat states to distributed quantum networks 

 
B. Julsgaardy , J.Shersony, W. Tittely, P.Petrov, D. Kosecy, J.Mikkelseny, J.L.Sorenseny, 

S.Massaryy, and E.S.Polzik* 
*)Niels Bohr Institute, Copenhagen University 

 y )Institute of Physics and Astronomy, University of Aarhus 
QUANTOP – Danish National Research Foundation Center for Quantum Optics 

 
yy )Service de Physique Théorique, Université Libre de Bruxelles 

 
 Free space optical off-resonant interaction of light with multi-atom ensembles has 
been proven a fruitful approach towards quantum state engineering and quantum 
information processing. The first experiments [1] following proposals [2] have 
demonstrated entanglement of separate macroscopic atomic objects and partial quantum 
memory. These experiments have been carried out with room temperature atomic gases. 
Continuous Gaussian variables, such as collective spin of an atomic ensemble and Stokes 
parameters of an optical pulse have been used for entanglement and other operations. 
Proposals for atomic teleportation with continuous variables [2], including teleportation 
of entangled  atomic spin states [3] have been put forward. 
 In a recent development, a scheme for generation of long lived atomic coherent 
superposition states (cat-states) via light-atoms interaction has been proposed [4]. A 
proposed implementation of the scheme involves a series of quantum measurements on 
light propagating through a dense ensemble of 103 – 104 ultra-cold atoms. 
 We have started investigating the quantum coupling of light to cold Cesium atoms 
trapped in a MOT. Initial experiments show that we are sensitive to the atomic number at 
the level of N , which is the required benchmark sensitivity. Two consecutive 
measurements of the atomic number produce nearly identical results proving the non-
demolition character of the measurement. 
 Cat states generated off-line together with linear operations have been earlier 
proposed as the basis for a new quantum logic scheme [5]. Our proposal provides a 
possible implementation for this approach. Atomic ensembles prepared off-line in 
coherent superposition states and coupled via already demonstrated light-atoms quantum 
interface may become a promising scheme for a distributed quantum networking and 
computing. 

1. B. Julsgaard, A. Kozhekin, and E. S. Polzik, Nature, 413, 400 (2001); C. Schori, B. Julsgaard, J. 
L. Sørensen, and E. S. Polzik. Phys. Rev. Lett. 89, 057903 (2002) 

2. Lu-Ming Duan, J.I. Cirac, P. Zoller, E. S. Polzik, Phys. Rev. Lett. (2000) 85, (25), 5643. A. 
Kuzmich and E. S. Polzik, Phys. Rev. Lett. (2000) 85, 5639.  

3. E. S. Polzik, Proceeding of the Royal Society, to be published. 
4. S. Massar and E.S. Polzik, submitted for publication. 
5. T.C.Ralph, W.J.Munro, G.J.Milburn, quant-ph/0110115 

http://xxx.lanl.gov/find/quant-ph/1/au:+Ralph_T/0/1/0/all/0/1
http://xxx.lanl.gov/find/quant-ph/1/au:+Munro_W/0/1/0/all/0/1
http://xxx.lanl.gov/find/quant-ph/1/au:+Milburn_G/0/1/0/all/0/1
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Coherence in Atomic Ensembles 
 
W. Ertmer, J. Arlt, G. Birkl, E. Rasel 
 
The production and manipulation of coherent atomic ensembles has enabled 
much of the most recent progress in cold-atom physics. A number of 
experiments at Hannover University therefore investigate this key aspect of 
atomic coherence properties. 
 
We will present our recent progress towards quantum information processing 
and integrated atom optics with microfabricated optical elements and our 
measurements of the coherence length of strongly elongated Bose-Einstein 
condensates. Time permitting, we will also report on our progress towards the 
realization of quantum degenerate ensembles of metastable Neon and a path 
towards large scale coherence in alkaline earth samples. 
 
The use of microfabricated optical elements is complementary to recent progress 
with microfabricated magnetic structures. Microfabrication enables us to tailor 
optical dipole potentials to the exact shape needed for applications in quantum 
information processing and guided-atom interferometry. We will present our 
results on a two-dimensional quantum storage array with up to 80 sites and 
integrated geometries for guided atom interferometers. 
 
However, recent measurements in our laboratories also show the limits of 
coherent storage in quantum degenerate samples. We will be presenting our 
interferometric analysis of spatial phase variations in highly elongated rubidium 
Bose-Einstein condensates. These measurements point towards general 
limitations of coherent storage and transport due to very low energy excitations. 
 



Atom Chips: Mesoscopic Physics with cold Atoms 
 

Jörg Schmiedmayer 
Physikalisches Institut, Universität Heidelberg 

 
In mesoscopic quantum electronics, electrons move inside semiconductor structures and 
are manipulated using potentials where at least one dimension is comparable to the de-
Broglie wavelength of the electrons.  Potentials at similar scale can be created for cold 
neutral atoms moving microns above surfaces using microscopic charged ( 2

2
1-  V Eα= ), 

current carrying ( BV
rr

⋅−= µ ) or light based (U~α(ω)I) structures fabricated on to a 
surface.  Such devices are called Atom Chips.  The simplicity and versatility of these 
principles will allow us to miniaturise and integrate atom optical elements into matter 
wave quantum circuits, similar to mesoscopic quantum electronics but ith much longer 
coherence times [1].  This approach to manipulating atomic matter waves promises to 
combine the best of two worlds:  The ability to use cold atoms - a well controllable 
quantum system with al the methods known from quantum optics and atomic and 
molecular physics, and the immense technological capabilities of nano fabrication and 
microelectronics, known from present day integrated circuit and integrated optics 
technology,  to manipulate the atoms.  It holds great promise in implementing controlled 
coherent evolution on bottom up built mesoscopic quantum systems and quantum 
information processing. In this talk I will present the basic design principles of such 
mesoscopic atom optics, discuss its challenges and describe our progress towards 
extensive control over the internal and external degrees of freedom of neutral atoms.  
Recent highlights include BEC on an atom chip, atom matter wave fibres that can guide 
atoms in any direction on a surface, and state selective combined interaction traps.  Big 
challenges are the question of coherence of cold atoms (T<1 µK) close to warm surfaces 
and how to detect single atoms state (qubit) selectively on the chip in an integrated 
detector. 
 
[1] for a comprehensive review see: R. Folman, et al. Adv. Atom Mol. Phys. 48, 263 
(2002) 
 
 
 

 



Bose-Einstein Condensation of Cesium

H.-C. Nägerl, T. Weber, J. Herbig, M. Mark, and R. Grimm

Institut für Experimentalphysik, University of Innsbruck
Technikerstr. 25, A-6020 Innsbruck, Austria

E-mail: Christoph.Naegerl@uibk.ac.at, Website: http://exphys.uibk.ac.at/ultracold

We report on the realization of a Bose-Einstein condensate with Cesium atoms in the absolute
ground state (F=3, mF =3) [1]. A condensate of approx. 20000 atoms is formed in an optical
dipole trap in combination with a magnetic field gradient for gravity compensation (levitation) by
means of evaporative cooling.

The interaction between ultracold Cs atoms in the (3,3) ground state, represented by the s-wave
scattering length, shows a marked dependence on magnetic field strength. A combination of several
Feshbach-resonances at low magnetic fields allows one to tune the scattering length over a wide
range from large negative to large positive values.

We have investigated the influence of the scattering length on the mean field energy of the
condensate. We are able to realize imploding, exploding and ”frozen” condensates. Further experi-
ments regarding the formation of molecules near Feshbach resonances and regarding the condensate
dynamics at extreme scattering lengths are thus possible.

This work is supported by the Austrian Science Fund (FWF) within SFB 15 (project part 16).

References

[1] T. Weber, J. Herbig, M. Mark, H.-C. Nägerl und R. Grimm, Science 10.1126/science.1079699.



�������� ����	�	��� �	
 �������	� ������	���	 ��	
�	�����

������ ������	

����� ����	
��� �� ����
��� �� �����	
� ���

��

��������������
����	��


����� ���������� ��� �����	 �� ��� �� ������������ ������������ ��

	����� ������ ��� ��� ���� ������������ �������	 �� ���� ��	 
������ �����

�� �������� ������������ ������������ �� ������� 	���������� �� �������

�� ���� �� ������������ ������ � ����� �� �������� �� ����������� �� ���

�����	� 
��� �� ���������� ������������ �� �������� �� ���������� ��������

� 	������� ��������� �����	��� � ���� ��� ����	 ���	 �� � ����!	��� ��

�� ������������ ������������ ����� �� �� 	����� ����

��� ������� ��� �� ���������� �� �� ������ ����������� ������� ��

�������� �� �����"������� ���	������� 	�� �� �� ��������� ����������� ���

��� ������ ��� �� ������������ ��� ����������� #� ��� ���! # ���� 	������ ��

�		�� ���� �� �� 
����� ��������� �� �� ���������� 	������� ��� ���	

��� �������� � �������� ���������� ������ $�������� � 
����� ��������� ��

��������� �� �� ������������ �������� �� ��	�� �� �� ���� �� ��� ��� ��

	������� �� ���������� �����"������� ���	�������� �� ���������� ��� ���

���! �� �� ���������� �� ����������� �� �� ���������� �� %��� &����� ��

'#() �� ����	��� ���� � ����� �� ����� ��	 *��� ���� ���� �� ������ ����

�� ���������� ����	�

�� ���*��� �� �������	 �����	������ ��������� �� �� +��	 �����	�� ���

�������� ����� �� ��� �� �� ,�����-������!�� �������� ��� ���������

������� �������	� ����� �������� �� �� ���� ���������� ����� � ����������

���� ������ ���������� �� �� ���� ���������� ����	 ������� ������������

������� ���	������� �� ����� ��	 ��������� ��� �� ���������� ����� ���

����� ��	 ��������� ��� ���������� �������	 ������� ���������� �� �� 	��

��������� �� ����� ����� ��� �������� ��� ���� ������ ��� ��� �� ��

���	������� ��� ��� ����� �� ������ ������	� �� ���������� ��	������	�

��� �� ��� ���������� ��� �� ���� �������� ���� �� �����	� �� ��������	

�� �� �����	�� ������� !�� �������� �� �� ������� �� �� ���������� ���	������

������ ��� ���������� ����� ����� ��	 ���������



Condensate dynamics in noisy magnetic microtraps 
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Recent experiments with miniaturized surface traps have shown that condensates are an 
extremely sensitive probe of trapping field fluctuations. The main signatures are trap loss, 
heating and decoherence.  
We review theoretical estimates for the corresponding rates and discuss recent results where 
relatively weak fluctuations lead to a collapse of the condensate phase coherence. Implications 
for integrated interferometers and quantum gates are outlined. 
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One of the goals of atom optics is to engineer matter waves with specific phase and density 
spatial profiles, and Bose-Einstein condensates with their large scale coherence provide a 
natural starting point. Atom lasers based on output coupling from a condensate in the ground 
state have produced well collimated waves with essentially plane-wave phases. In this paper 
we calculate the properties of matter waves output from a condensate in a topologically 
excited state. In our model, atoms from a trapped topological condensate state, such as a 
vortex, are coherently transferred by a Raman coupling scheme into an untrapped hyperfine 
state which can propagate freely away from the trapped atoms. The system is treated in a 
meanfield approximation using coupled Gross-Pitaevskii equations, for which we obtain both 
numerical and analytic solutions, with the latter being valid in the linearised regime. In the 
example of a trapped vortex, the propagating output field may take on a variety of topological 
features, depending on geometry and Raman parameters. For the case where the output beam 
is transverse to the vortex core, we find that a sequence of Raman pulses can produce a 
sequence of vortices propagating in the direction of the Raman momentum difference, with a 
relative phase between vortices determined by Raman parameters. A continuous Raman pulse 
produces a continuous output beam, scattered preferentially from one or other side of the 
vortex depending on the Raman detuning. For the case where the scattering direction is 
parallel to the vortex core, the output beam is a hollow cylinder, analogous to the TEM01 
mode of an optical laser, but with helical phase twist, as illustrated in the figure. The analytic 
solution allows us to determine the resonance condition for the output coupling, and to 
characterize the phase properties of the output wave. For example we show that the helicity 
of the phase twist for the case in the figure is controlled by the Raman detuning.  
 
          

 

 
Output matter wave at t = 1.4 ms from a 
2.2×105 atom 23Na vortex condensate. (a) 
density iso-surface; (b) 0 and π phase iso-
surfaces. 




