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KOSTERLITZ-THOULESS CROSS-OVER OBSERVED IN A 
BOSE GAS IN A 2-D OPTICAL LATTICE 

V. SCHWEIKARD, S. TUNG, E.A. CORNELL 

JILA, Campus Box 440, Boulder, CO  80309-0440

The energy cost for the formation of a vortex in a 2-D lattice is proportional to the 

intersite tunneling energy J.  At a temperature T>J, energy cost in forming a free vortex is 

more than balanced by the entropy gain, and it becomes thermodynamically favorable for 

free vortices to proliferate.  With both J and T as experimentally controlled parameters, 

we observe the surface density of vortices in a condensate and determinean empirical 

value of J/T for which this so-called Kosterlitz-Thouless cross-over occurs. 
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Ultracold Bose Gases in 1D Disorder

P. BOUYER, L. SANCHEZ-PALENCIA, D. CLÉMENT, P. LUGAN and A. ASPECT

Laboratoire Charles Fabry de lInstitut dOptique,
CNRS and Univ. Paris-Sud, Campus Polytechnique,

RD 128, F-91127 Palaiseau cedex, France
∗E-mail: philippe.bouyer@institutoptique.fr

www.atomoptic.fr

M. LEWENSTEIN

ICREA and ICFO-Institut de Ciències Fotòniques,
Parc Mediterrani de la Tecnologia,

E-08860 Castelldefels (Barcelona), Spain

G. SCHLYAPNIKOV

Laboratoire de Physique Théorique et Modèles Statistiques,
Univ. Paris-Sud, F-91405 Orsay cedex, France

Van der Waals-Zeeman Institute, Univ. Amsterdam,
Valckenierstraat 65/67, 1018 XE Amsterdam, The Netherlands

We study an interacting ultracold Bose gas in the presence of 1D disorder.
We show that the expansion of an initially confined interacting 1D Bose-
Einstein condensate can exhibit Anderson localization in a weak random po-
tential with correlation length σR. For speckle potentials the Fourier transform
of the correlation function vanishes for momenta k > 2σR so that the Lyapunov
exponent vanishes in the Born approximation for k > 1/σR. Then, for the ini-
tial healing length of the condensate ξin > σR the localization is exponential,
and for ξin > σR it changes to algebraic.
We also present the case of a non-expanding gaz with repulsive interatomic
interactions varying from zero to the Thomas-Fermi regime. We show that for
weak interactions the Bose gas populates a finite number of localized single-
particle Lifshits states, while for strong interactions a delocalized disordered
Bose-Einstein condensate is formed. We discuss the schematic quantum-state
diagram and derive the equations of state for various regimes.

Keywords: Bose-Einstein Condensate, Anderson localization, 1D Disorder
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TOWARDS QUANTUM MAGNETISM WITH ULTRACOLD

ATOMS IN OPTICAL LATTICES
*

IMMANUEL BLOCH

Institut für Physik, Johannes Gutenberg-Universität Mainz

Staudingerweg 7, 55099 Mainz, Germany

Tunneling of material particles through a classically impenetrable barrier

constitutes one of the hallmark effects of quantum physics. When interactions

between the particles compete with their mobility through a tunnel junction,

intriguing novel dynamical behavior can arise where particles do not tunnel

independently. In single-electron or Bloch transistors, for example, the tunneling

of an electron or Cooper pair can be enabled or suppressed by the presence of a

second charge carrier due to Coulomb blockade. Using optical superlattices, we

have been able to record the time-resolved dynamics of single atoms and

interacting atom pairs across a tunnel junction. In the regime of dominating

interactions between the particles, we observe that particles can only undergo

tunneling in a second order hopping process as a stable pair
1
, known as co-

tunneling in mesoscopic physics.

By employing a spin-mixture of atoms in such superlattices
2
, we also directly

record super-exchange mediated spin-spin interactions between atoms on

neighboring lattice sites
3-5
. Although no direct long-range interaction is present

between the atoms, second order hopping processes mediate an effective spin-

spin interaction between the particles on adjacent lattice sites in the form of an

isotropic Heisenberg type exchange term. We show how the super-exchange

interactions can be controlled in the experiment and allow e.g. changing from

ferromagnetic to antiferromagnetic interactions between the particles. Super-

exchange interactions lie at the heart of quantum magnetism in strongly

correlated electronic media
1
and can be useful for the generation of large robust

entangled multi-particle states in experiments, for which novel schemes will be

outlined. Furthermore, I will present results on how quantum noise correlations

can be used to efficiently detect several strongly correlated quantum phases in

optical lattices
6-8
.

* This work is supported by DFG, EU, and AFOSR.
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NEW MEASUREMENT OF THE ELECTRON MAGENETIC 
MOMENT AND THE FINE STRUCTURE CONSTANT 

GERALD GABRIELSE 

Physics Department, Harvard University, 17 Oxford Street 
Cambridge, MA, 02138, United States

Remarkably, the famous UW measurement of the electron magnetic moment1 has stood 

since 1987.  With QED theory, this measurement has determined the accepted value of 

the fine structure constant.  Here we report a new Harvard measurement of these 

fundamental constants.2  The new measurement has an uncertainty that is about six times 

smaller, and it shifts the values by 1.7 standard deviations.  The more accurate value of 

the electron magnetic moment, together with QED theory, determines the fine structure 

constant3 about 10 times more accurately than any rival method.  One electron suspended 

in a Penning trap is used for the new measurement, like in the old measurement.  What is 

different is that the lowest quantum levels of the spin and cyclotron motion are resolved4,

and the cyclotron as well as spin frequencies are determined using quantum jump 

spectroscopy.  In addition, a 0.1 K Penning trap that is also a cylindrical microwave 

cavity5 is used to control the radiation field, to suppress spontaneous emission by more 

than a factor of 100, to control cavity shifts, and to eliminate the blackbody photons that 

otherwise stimulate excitations from the cyclotron ground state.   Finally, great signal-to-

noise for one-quantum transitions is obtained using electronic feedback to realize the first 

one-particle self-excited oscillator.6  The new methods may also allow a million times 

improved measurement of the 500 times smaller antiproton magnetic moment.  A popular 

account7 and numerous secondary accounts are available.8-12

                                                           
1  R.S. Van Dyck, Jr., P.B. Schwinberg and H.G. Dehmelt, Phys. Rev. Lett. 59, 26 (1987). 
2  B. Odom, D. Hanneke, B. D’Urson and G. Gabrielse, Phys. Rev. Lett. 97, 030801 (2006). 
3  G. Gabrielse, D. Hanneke, T. Kinoshita, M. Nio, B. Odom, Phys. Rev. Lett. 97, 030802 (2006). 
4  S. Piel and G. Gabrielse, Phys. Rev. Lett. 83, 1287 (1999). 
5  G. Gabrielse and F.C. MacKintosh, Int. J. Mass Spec. 57, 1 (1984). 
6  B. D’Urso, R. Van Handel, B. Odom, D. Hanneke, and G. Gabrielse, Phys. Rev. Lett. 94, 113002 

(2005).  
7  G. Gabrielse, Physics World. (March 2007). 
8   D. Kleppner, Scienc. 313, 448-499 (2006). 
9  A. Czarnecki, Nature. 442, 516-517 (2006). 
10 B. Schwarzchild, Physics Today. 15-17 (August 2006). 
11  G. Gabrilese and D. Hanneke, Cern Courier. (October 2006). 
12 M. Inman, New Scientist. 2568, 40-43 (2006) 
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T-VIOLATION AND THE SEARCH FOR A PERMANENT
ELECTRIC DIPOLE MOMENT OF THE MERCURY ATOM

E. N. FORTSON∗

Department of Physics, University of Washington,
Seattle, WA 98195, USA

∗E-mail: fortson@phys.washington.edu

There has been exciting progress in recent years in the search for a
permanent electric dipole moment (EDM) of an atom, a molecule, or the
neutron. An EDM along the axis of spin can exist only if time reversal sym-
metry (T) is violated. Although such a dipole has not yet been detected,
mainstream theories of possible new physics, such as Supersymmetry, pre-
dict the existence of EDMs within reach of modern experiments. After a
brief survey of current and planned EDM searches worldwide, I will describe
the newest version of our own EDM experiment with mercury atoms, and
discuss the implications of recent results for the existence of new T-violating
(and hence CP-violating) interactions.

To search for an EDM, we measure the 199Hg nuclear spin precession
frequency in a vapor of spin polarized mercury atoms. A magnetic field pro-
duces Larmor precession, and a strong electric field modifies the precession
frequency in proportion to the size of the EDM. We spin polarize the 199Hg
nuclei by optical pumping on the 253.7 nm absorption line in mercury. To
drive this transition several milliwatts of stable, tunable UV radiation are
obtained by quadrupling the output of an infrared diode laser. This laser
system has operated continuously for several years with only occasional
maintenance.

In the current version of the experiment we perform measurements si-
multaneously in a linear stack of four vapor cells. The two inner cells have
oppositely directed electric fields, and the outer two have no electric field
applied to them. Common-mode magnetic field noise cancels out if we ob-
serve the frequency difference between the two electric field cells, while
noise in the magnetic field gradient and various systematic effects can be

2

cancelled by taking linear combinations of the frequencies in all four cells.
The previous version of our experiment (M. V. Romalis, W. C. Grif-

fith, J. P. Jacobs, and E. N. Fortson, Phys. Rev. Lett., 86:2505–2508,
2001), which used two cells, achieved Larmor frequency sensitivity at the
nanohertz level, yielding an upper bound on the EDM of |d(199Hg)| <

2.1 × 10−28ecm. This result, together with results of other EDM experi-
ments, placed tight constraints on T-violation in Supersymmetry. The new
version of our experiment currently improves on the previous sensitivity by
a factor of 5. The latest results will be reported in the talk.
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QUANTUM INFORMATION PROCESSING AND RAMSEY
SPECTROSCOPY WITH TRAPPED IONS

C. F. ROOS, M. CHWALLA, T. MONZ, P. SCHINDLER, K. KIM, M. RIEBE, P. O.

SCHMIDT, W. HÄNSEL, HÄFFNER and R. BLATT

Institut für Experimentalphysik, Universität Innsbruck, and
Institut für Quantenoptik und Quanteninformation, Österreichische Akademie der

Wissenschaften

6020 Innsbruck, Austria

High-resolution laser spectroscopy and quantum information processing
have a great deal in common. For both applications, ions held in electromag-
netic traps can be employed, the ions’ quantum state being manipulated
by lasers. Quantum superposition states play a key role, and information
about the experiment is inferred from a quantum state measurement that
projects the ions’ superposition state onto one of the basis states. For this
reason, it is natural to investigate whether techniques for processing quan-
tum information might also have applications in precision spectroscopy.

In my talk, I will present generalized Ramsey experiments investigating
ion-ion couplings which are important in the context of high-fidelity quan-
tum gates. Secondly, experiments aiming at making quantum information
processing more robust against environmental noise will be discussed. I
will show how to apply (quantum mechanically) correlated states of two
ions for precision measurements of atomic constants. These ion-trap ex-
periments demonstrate high-precision spectroscopy in a decoherence-free
subspace using a pair of calcium ions for a determination of energy level
shifts and transition frequencies in the presence of phase noise. For the mea-
surement, maximally entangled ions are advantageous for achieving a good
signal to noise ratio. As the preparation of these states is more involved
than single-ion superposition states, we also explore the possibility of using
classically correlated ions for achieving long coherence times.
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QUANTUM-NON DEMOLITION MEASUREMENT OF LIGHT:

THE BIRTH, LIFE AND DEATH OF TRAPPED PHOTONS

SERGE HAROCHE

Ecole Normale Supérieure and Collège de France, Paris.

Microwave photons, trapped in a very high-Q cavity
1
over time intervals

reaching half a second, are non-destructively detected by a beam of two-level

Rydberg atoms which behave as microscopic clocks interacting dispersively

one by one with the field. This quantum non-demolition (QND) procedure, first

proposed in
2
, is achieved with a Ramsey interferometer detecting the light

shift-induced alterations of the atomic clock’s rate.

Applied to fields containing single photons, the method amounts to a

measurement of the photon number parity, which is in principle pinned down

with a single atom. Following over time the evolution of the parity signal, we

have observed for the first time the quantum jumps of light revealing directly

the birth and death of individual photons in the cavity
3
(see Figure).

0,0 0,5 1,0 1,5 2,0 2,5
Temps (secondes)

e

g

Figure: Output of Ramsey interferometer exhibiting field quantum jumps. Each atomic

detection is shown as a vertical bar (1/0 in qubit notation). First, atoms are mainly found in 0

(even parity), signaling vacuum. A sudden transition from 0 to 1 (odd parity) reveals the birth of

a photon around t=1s. Another transition around t=1.5s signals the return of cavity to vacuum.

Between these jumps, a single photon has survived for about 0.5 s. Due to interferometer

imperfections, a small fraction of atoms is erroneously detected in 1 in vacuum and in 0 in the

one-photon state.

Counting larger photon numbers involves a multi-atom step-by-step

extraction of information from the field obtained with a sequence of atoms

crossing the cavity one at a time. Coherent states of radiation containing

several photons progressively collapse into Fock states, as successive atoms are

read out
4
. Photon number states |n> with n up to 7 are prepared and measured

in this way. The subsequent history of these states is observed while the field

Time (in seconds)

1

0

cascades down towards vacuum due to cavity damping. A statistical analysis of

a large number of field trajectories recovers all the dynamical properties of

light predicted by the quantum theory of radiation.

Before the field collapses into a Fock state, our progressive QND

measurement prepares non-classical states of light. Superpositions of coherent

states with different phases (“Schrödinger cats”) as well as coherent sums of

Fock states of the form |n>+|n+q> with q>>1 are generated. The decoherence

of these strange states will be investigated. Further applications of these ideal

measurements to studies of fundamental properties of light trapped in one or

two cavities will be briefly discussed.

1. S.Kuhr et al, Appl.Phys.Lett. 90, 164101 (2007).

2. M.Brune et al, Phys.Rev.Lett. 65, 976 (1990).

3. S.Gleyzes et al, Nature, 446, 297 (2007).

4. C.Guerlin et al, to be published.
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Attosecond pulse trains: shaping and applications

Thierry Ruchon∗, Johan Mauritsson, Erik Gustafsson, Per Johnsson, Thomas

Remetter, Marko Swoboda and Anne L’Huillier

Department of Physics
Lund University

P.O. Box 118, 221 00 LUND, Sweden
∗E-mail: thierry.ruchon@fysik.lth.se

www.atto.fysik.lth.se/

Focusing an intense infrared laser field in a gas medium, high order harmon-

ics spanning from the ultraviolet to the soft X-ray region are generated. It

provides the bandwidth required for getting attosecond pulses. However, the

different frequency components in the harmonic spectrum are not naturally

synchronized and the bursts obtained are usually not short.

In this communication, we will first report on progress in controlling the

chirp of the harmonics over a broad spectrum using metallic filters. Previous

experiments allowed us to observe 170 as pulses centered at 30 eV using har-

monics generated in a static argon cell along with Al filters.1 We have extended

this technique to harmonics generated in a neon cell flowed by a kHz pulsed

valve, which were filtered with aluminium, silicium or zirconium foils. We ob-

tained pulse durations down to 130 as, centered at 80 eV.2 Second, we will

report on the use of phase matching to achieve a better synchronisation of the

harmonics emission itself. In particular the roles of the length of the media and

of the ionization rate on the temporal structure of the attosecond pulses will

be highlighted.

Attosecond pulses have been used to study photoionization by XUV ra-

diation in presence of a strong IR field. When using long IR pulses for the

generation (35 fs), attosecond pulse trains with two pulses per cycle are ob-

tained, and consecutive electron wave packets get different momentum shifts

from the IR field. Recently, adding a small portion of doubled frequency light

to the generation IR field, we have shaped attosecond pulse trains in order to

get only one burst per laser period.3 Now, photoionization takes place in the

same IR field for all bursts in the train, thus increasing the counting statis-

tics compared to a single event. Recent results and movies recorded with this

”stroboscope” will be presented.

Keywords: Attosecond technology; Atomic physics; Ultrafast pump-probe ex-

periments

2

References

1. R. López-Martens, K. Varjú, P. Johnsson, J. Mauritsson, Y. Mairesse,
P. Salières, M. B. Gaarde, K. J. Schafer, A. Persson, S. Svanberg, C.-G.
Wahlström and A. L’Huillier, Phys. Rev. Lett. 94, p. 033001 (2005).

2. E. Gustafsson, T. Ruchon, M. Swoboda, R. L. Martens, P. Balcou and
A. L’huillier, Optics Letters 32, 1353 (2007).

3. J. Mauritsson, P. Johnsson, E. Gustafsson, A. L’Huillier, K. J. Schafer and
M. B. Gaarde, Phys. Rev. Lett. 97, p. 013001 (2006).
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Frequency-comb-assisted mid-infrared spectroscopy

P. DE NATALE∗, D. MAZZOTTI, G. GIUSFREDI, S. BARTALINI and P. CANCIO

CNR-Istituto Nazionale di Ottica Applicata and LENS, Via N. Carrara 1,

Sesto Fiorentino, I-50019 Italy
∗E-mail: paolo.denatale@inoa.it

www.inoa.it

P. MADDALONI, P. MALARA and G. GAGLIARDI ,

CNR-Istituto Nazionale di Ottica Applicata and LENS, Comprensorio ’A.Olivetti’,

Via Campi Flegrei 34,
Pozzuoli, I-80078 Italy

I. GALLI and S. BORRI

LENS and Dipartimento di Fisica, Universitá di Firenze, Via N. Carrara 1,

Sesto Fiorentino, I-50019 Italy

A new class of spectrometers, including one or more sources of coherent
radiation referenced to an optical frequency-comb synthesizer, is already
available and still progressing at a very fast pace.1–3 The peculiar features
of these spectrometers make them well suited for a wide range of appli-
cations, and their suitability for very high resolution and trace-gas spec-
troscopy has been carefully studied. These IR sources have unique capabil-
ities in terms of achievable precision for absolute frequency measurements,
very high sensitivity for trace-gas detection as well as compactness and
ruggedness when a fiber-based set-up is chosen. To date, the best results
for spectroscopic applications have been demonstrated using, as sources of
IR radiation, difference-frequency-generation (DFG) set-ups1,4–6 or, more
recently, a quantum cascade laser.2 For DFG, we obtained an IR power
up to several milliwatts, narrow spectral linewidth and a wide tunability
in the 2.8 ÷ 4.5 μm spectral range, by mixing widely tunable lasers, of-
ten fiber-amplified, in periodically-poled LiNbO3 crystals. This allows to
access a large number of fundamental, thus very strongly absorbing, ro-
vibrational transitions of many stable and transient molecular species. We
used enhancement Fabry-Perot cavities with a finesse in excess of 24 000 to

2

further increase detection sensitivity. Application of such spectrometers to
sensitive, precise and quantitative spectroscopy of selected test molecules
will be shown.

References

1. D. Mazzotti, P. Cancio, A. Castrillo, I.Galli, G. Giusfredi and P. De Natale,
J. Opt. A 8, S490 (2006).

2. S. Bartalini, P. Cancio, G. Giusfredi, D. Mazzotti, P. De Natale, S. Borri, I.
Galli, T. Leveque, and L. Gianfrani, Opt. Lett. 32, 988 (2007).

3. P. Maddaloni, G. Gagliardi, P. Malara, and P. De Natale, New Journal of
Physics 8, 262 (2006).

4. P. Malara, P. Maddaloni, G. Gagliardi, and P. De Natale, Optics Express 14,
1304-1313 (2006).

5. P. Maddaloni, P. Malara, G. Gagliardi, and P. De Natale, Applied Physics B
85, 219-222 (2006).

6. P. Maddaloni, G. Gagliardi, P. Malara, and P. De Natale, J. Opt. Soc. Ame.
B 23, 1938-1945 (2006).
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GRAVITATIONAL WAVE INTERFEROMETERS AND THE 
SEARCH FOR THE ELUSIVE WAVES*

NERGIS MAVALVALA†

LIGO Laboratory, Massachusetts Institute of Technology, NW17-161 
Cambridge, MA 02139, USA

LIGO SCIENTIFIC COLLABORATION 

http://ligo.org

As the Laser Interferometer Gravitational-wave Observatory (LIGO) and its international 

counterparts are carrying out the most sensitive astrophysical searches to date, we enter 

an exciting new era of gravitational wave astronomy. A report on the present status and 

recent results from the currently operational LIGO interferometers will be followed by a 

discussion of planned enhancements and the path to higher sensitivity next-generation 

detectors. 

.

                                                          
* This work is supported by the National Science Foundation cooperative agreement nos. 

PHY-0107417 and PHY-0457264. 
†Email: Nergis@ligo.mit.edu 
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PRECISION GRAVITY TESTS
BY ATOM INTERFEROMETRY

G. M. TINO

Dipartimento di Fisica and LENS Laboratory - Università di Firenze
Istituto Nazionale di Fisica Nucleare, Sezione di Firenze

via Sansone 1, Polo Scientifico
I-50019 Sesto Fiorentino (Firenze), Italy

E-mail: guglielmo.tino@fi.infn.it

http://www.lens.unifi.it/tino/

Experiments we are performing using atom interferometry to determine the

gravitational constant G [1] and test the Newtonian gravitational law at micro-

metric distances [2] will be presented. Other experiments in progress, planned

or being considered using atom interferometers in ground laboratories and in

space [3] will be also discussed.

References

1. A. Bertoldi et al., Eur. Phys. J. D 40, 271 (2006).
2. G. Ferrari et al., Phys. Rev. Lett. 97, 060402 (2006).
3. G. M. Tino et al., Nuclear Physics B (Proc. Suppl.) 166, 159 (2007).
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NO ABSTRACT SUBMITTED 

T.W. HÄNSCH
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Atomic magnetometers and their applications

M.V. Romalis

Physics Department, Princeton University,

Princeton, NJ 08544, USA
∗E-mail: romalis@princeton.edu

I will review recent progress in the development of atomic magnetome-
ters and their applications 1. Atomic magnetometers typically use optical
measurements of the Zeeman resonance in a dense vapor of alkali-metal
atoms. Their fundamental sensitivity is limited by atomic collisions and by
controlling the effects of these collisions one can measure magnetic fields
in the atto-Tesla range, surpassing the sensitivity of even low-temperature
SQUID magnetometers. Technical sources of noise, such as magnetic noise
generated by magnetic shields, can also be suppressed, using, for example,
a ferrite magnetic shield. Recently several new applications of atomic mag-
netometers have been demonstrated, including detection of brain magnetic
fields, NMR, and nuclear quadrupole resonance. The fundamental sensitiv-
ity limits of atomic magnetometers still have not been reached and I will
discuss paths for their further improvements and new applications.

References

1. D. Budker and M. Romalis, Nature Phys. 3, 227 (2007).
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ON A VARIATION OF THE PROTON-ELECTRON MASS
RATIO

WIM UBACHS

Laser Centre Vrije Universiteit Amsterdam, The Netherlands

Recently indication on a possible variation of the proton-to-electron mass ratio
m=Mp/me was found from a comparison between laboratory H2 spectroscopic data and
the same lines in quasar spectra. These methods and the progress thereafter will be
discussed.

Recently the finding of an indication for a decrease of the proton-to-electron
mass ratio �=mp/me by 0.002% in the past 12 billion years was reported [1]. We
will discuss the methods that led to that result and put it in perspective. Laser
spectroscopy on molecular hydrogen, using a narrow-band and tunable extreme
ultraviolet laser system at the Laser Centre Vrije Universiteit Amsterdam, results
in transition wavelengths of spectral lines in the B-X Lyman and C-X Werner
band systems at an accuracy of (4 - 10) x 10-8, depending on the wavelength
region. This corresponds to an absolute accuracy of 0.000004 - 0.000010 nm. A
database of 233 accurately calibrated H2 lines is produced for future reference
and comparison with astronomical observations. Recent observations of the same
spectroscopic features in cold hydrogen clouds at redshifts z=2.5947325 and
z=3.0248970 in the line of sight of two quasar light sources (Q 0405-443 and Q
0347-383) resulted in 76 reliably determined transition wavelengths of H2 lines
at accuracies in the range 2 x 10-7 to 10-6. Those observations were performed
with the Ultraviolet and Visible Echelle Spectrograph at the Very Large
Telescope of the European Southern Observatory at Paranal, Chile. A third
ingredient in the analysis is the calculation of an improved set of sensitivity
coefficients Ki, a parameter associated with each spectral line, representing the
dependence of the transition wavelength on a possible variation of the proton-to-
electron mass ratio. Details of the methods are reported in Ref. [2].

A statistical analysis of the data yields an indication for a variation of the proton-
to-electron mass ratio of ���� = (2.45 �� ������ 	� 
�-5 for a weighted fit and
�����= (1.98 �� ����� 	� 
�-5 for an unweighted fit. This result has a statistical
significance of 3.5 �. Mass-variations as discussed relate to inertial or kinematic
masses, rather than gravitational masses. The observed decrease in �

2

corresponds to a rate of change of dln �/dt = -2 x 10��	 per year, if a linear
variation with time is assumed.
Ongoing and future activities concerning laboratory experiments on the H2

spectrum as well as planned astronomical observations that should lead to
improvements on a constraint on �-variation will be discussed.

Acknowledgments

The author wishes to acknowledge the XUV-laser team at LCVU for their
contributions: R. Buning, K. S. E. Eikema, S. Hannemann, U. Hollenstein, T. I.
Ivanov, C. A. de Lange, J. Philip, Th. Pielage, E. Reinhold, E.J. Salumbides, J.
P. Sprengers, and M. O. Vieitez.

References

1. E. Reinhold, R. Buning, U. Hollenstein, A. Ivanchik, P. Petitjean, W.
Ubachs, Phys. Rev. Lett. 96, 151101 (2006).

2. W. Ubachs, R. Buning, K. S. E. Eikema, E. Reinhold, J. Mol. Spectr. 241,
155 (2007).
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QUANTUM STATE GENERATION AND STORAGE WITH 
ATOMIC MEDIA 

E. GIACOBINO, J. CVIKLINSKI, J. ORTA LO, V. JOSSE, A. DANTAN, M. PINARD, 

A. BRAMATI

Laboratoire Kastler Brossel, Université Paris 6, ENS, CNRS, 4 Place Jussieu, 
 F 75252 Paris Cedex  05 France 

Cold atomic ensembles and atomic vapors have a good potential for both generation and 

storage of non classical states of light. Generation of non classical states of light is 

possible through the high non-linearity of atomic samples excited close to a resonance 

line. Quadrature squeezing, polarization squeezing and entanglement have been 

demonstrated. Quantum state storage is made possible by the presence of long lived 

angular momenta in the ground state. Cold atoms are thus a promising resource in 

quantum information. 

Atomic ensembles are known to be good media to generate squeezed states of 

light. More recently their potential for the generation of other kinds of quantum 

states such as entangled states and for the storage of quantum states has been 

evidenced.

After producing large quadrature squeezing using cold cesium atoms 

interacting with circularly polarized light in an optical cavity, further properties 

of cold atom media have been demonstrated. We have shown that if linearly 

polarized light interacts with cold atoms in a cavity, the output light is made of 

two squeezed modes, the mean field mode and the orthogonal vacuum mode. 

Cold atoms thus generate polarization squeezing [1]. Let us note that atomic 

vapors have been shown recently to produce large intensity squeezing [2]. 

Moreover, entanglement can also be directly generated by the atomic 

system. Entanglement, one of the basic properties of quantum mechanics, can be 

obtained for continuous variables by mixing two squeezed fields on a beam 

splitter. Here, since the two squeezed modes propagate along the same beam, 

entanglement is easily obtained by an appropriate choice of polarizations [1]. 

The rich properties of cold atoms also allow exploring other kinds of 

quantum features. Indeed an ensemble of atoms can record a quantum 

electromagnetic signal, a single photon, or quantum fluctuations of a classical 

beam in a quantum state of its ground level. The quantum register can then be 

1

2

read using a classical beam, allowing recovering the quantum signal. Atomic 

ensembles have been widely studied as potential quantum memories [3]. Indeed, 

the long-lived collective spin of an atomic ensemble with two ground state 

sublevels appears as a good candidate for the storage and manipulation of 

quantum information conveyed by light. Various schemes have already been 

studied base on 3-level systems interacting with two light fields. However, the 

experimental realisation of the storage of quantum states, together with the read 

out, with fidelity higher than the classical one is still missing. 

We have studied a set of N three-level atoms in a  configuration which 

interacts on each transition with one mode of the electromagnetic field in an 

optical cavity, either in the EIT or the Raman configuration. We consider a 

simple situation in which the control field, close to resonance with one 

transition, with some detuning, is a strong, classical one, and the second field 

close to resonance with the other transition with the same detuning, is a 

quantum field with a zero mean value. 

Taking into account all the noise sources, including the atomic noise 

generated by spontaneous emission and optical pumping, it can be shown that 

the two quadratures of the quantum field can be mapped onto the two transverse 

components of the ground state atomic spin with an efficiency close to 

100%[4]. After a write time which is on the order of the characteristic 

interaction time between atoms and fields, the control and signal fields can be 

switched off. The quantum variables are stored in the ground state. For the read-

out, the control field is turned on again. The quantum variables can be retrieved 

in the outgoing field with a very good efficiency again, with an appropriate 

choice of the detection temporal profile [5].  
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Quantum teleportation between light and matter 
Eugene Polzik 

Niels Bohr Institute, Copenhagen University 

Spectroscopy which is sensitive to the quantum fluctuations of both light and matter becomes a 

powerful tool in quantum state engineering and control. A qualitatively new feature of such spectroscopy is 

that the atomic object and the light become entangled. As the first example we will discuss the recent 

application to quantum information – the teleportation between light and atoms. 

Quantum teleportation is a way to transfer an unknown quantum state between two objects. It is 

performed using a quantum (entangling) channel and a classical communication channel. Teleportation is 

an important ingredient in distributed quantum networks, and can also serve as an elementary operation in 

quantum computers [1]. The teleportation between objects of a different nature—light and matter, which 

respectively represent ‘flying’ and ‘stationary’ media has been recently demonstrated for the first time [2]. 

A quantum state of a few-photon pulse is teleported onto a macroscopic object (an atomic ensemble 

containing 1012 caesium atoms). The fidelity up to 64% higher than any classical communication can 

possibly achieve has been demonstrated. An important factor for the implementation of quantum networks 

is the teleportation distance between transmitter and receiver; this is 0.5 metres in the present experiment 

and should be scalable to longer distances.  

The Figure shows a paraffin coated glass cell filled with a gas of Cs atoms in a magnetic field 

corresponding to the Zeeman frequency of 322 kHz. A strong “entangling” pulse E polarized orthogonally 

to the plane of the Figure propagates through the atoms from left to right. As a result of the interaction, 

sidebands of this pulse at 322 kHz are scattered into the polarization in the plane of the Figure. These 

entangled with atoms sidebands are mixed on the 50/50 beamsplitter with a weak pulse with the frequency 

of the upper sideband - the object of teleportation. Bell measurements (quantum limited polarization 

homodyning spectroscopy) of two quadratures of light are then performed by detectors. The outputs of the 

detectors are the 322 kHz components of the photocurrent integrated over the pulse duration. Finally 

classical feedback conditioned on the outputs is applied to atoms. Atomic collective spin is rotated by the 

feedback signal thus completing the teleportation protocol. 

The teleportation is demonstrated for weak coherent states with the mean photon number 0 - 300. 

This teleportation protocol is suitable also for a light qubit. Fidelity of the teleportation can theoretically 

reach 100% if a squeezed state of the strong pulse is used. 

The second example of quantum limited spectroscopy which we will briefly discuss is a recently 

proposed method for quantum non-demolition detection of various spin states of strongly interacting 

ultracold gasses and magnetic ordering [3]. By performing an off-resonant polarization spectroscopy on a 

spinor condensate or a lattice it is possible to unambiguously distinguish between various quantum phases, 

such as polar, ferromagnetic, dimer, etc. 

1. Deterministic atom-light quantum interface. J. Sherson, B. Julsgaard, and E.S. Polzik. Advances of 
Atomic Molecular and Optical Physics, Vol. 54, November 2006, Academic Press. 

2. Quantum teleportation between light and matter. J. F. Sherson, H. Krauter, R. K. Olsson, B. 

Julsgaard, K. Hammerer, I. Cirac,  and E. S. Polzik, Nature, 443, 557- 560, (2006.) 

3. Quantum polarization spectroscopy of ultracold spinor gases. K. Eckert, L. Zawitkowski, A. 

Sanpera, M. Lewenstein, and E.S. Polzik. Phys. Rev. Lett. 98, 100404 (2007). 
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AN ATOMIC FERMI GAS NEAR A P-WAVE FESHBACH RESONANCE  

DEBORAH JIN†

NIST and JILA, University of Colorado, Boulder, 440 UCB 
Boulder, CO 80309-0440, USA

 Atomic scattering resonances, called Feshbach resonances, have been used to 

create molecular Bose-Einstein condensates and Fermi superfluids.  Past work 

has focused on s-wave, or non-rotating, pairs created from two fermionic atoms.  

I will report on investigations of pair creation in an ultracold Fermi gas of 

potassium-40 atoms near a p-wave Feshbach resonance. 

                                                          
† Work partially supported by grant 2-4570.5 of the Swiss National Science Foundation. 
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BRAGG SCATTERING OF CORRELATED ATOMS FROM A
DEGENERATE FERMI GAS

R. J. BALLAGH, K. J. CHALLIS, and C. W. GARDINER

Jack Dodd centre for Photonics and Ultra-Cold atoms

Physics Department, University of Otago,
Dunedin, New Zealand

∗E-mail: ballagh@physics.otago.ac.nz

www.physics.otago.ac.nz/px/research/ultra-cold-atoms

Superfluidity in fermion systems arises due to correlated (Cooper paired)
particles on the Fermi surface. Techniques for probing this correlation have
primarily concentrated on the energy gap associated with the pairing. Here
we show that Bragg scattering with laser fields provides a coherent probe
mechanism which can reveal a unique signature of the pairing correlation.
We solve the time-dependent Bogoliubov de Gennes equations in three di-
mensions to present a quantitative analysis of the scattering. A Bragg field
of the form A cos(q · r − ωt) applied to a gas in an equilibrium BCS state
produces the expected momentum transfer of �q to some of the atoms. The
key result however is that an additional spherical shell appears in atomic
momentum space, centered on �q/2, as shown in the left hand frame of the
figure.

Fig. 1. Column density and pair correlation function for Bragg scattered atoms. Units

kF and ωF are Fermi wavevector and frequency; q = 4.8kF k̂x and A = 1.8�ωF .

2

The correlation function plotted in the right hand frame of the figure,
Gq/2(k, t) = 〈φ̂↑(q/2 + k, t)φ̂↓(q/2 − k, t)〉 (where φ̂↑ is the spin-up mo-
mentum space field operator) demonstrates that the atoms scattered into
the spherical shell are pair correlated. The atomic collisional interaction is
critical to this phenomenon, and we find that the usual contact potential ap-
proximation is inappropriate. We investigate the parameter dependence of
the correlated pair scattering, and develop an analytic model that provides
an interpretation of the major features and the underlying mechanisms,
including the frequency threshold behaviour and the spherical geometry.
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STARK AND ZEEMAN DECELERATIONS OF NEUTRAL 
ATOMS AND MOLECULES *

S. D. HOGAN, E. VLIEGEN, D. SPRECHER, N. VANHAECKE, B. H. MEIER  AND 

F. MERKT †

Laboratorium fur Physikalische Chemie, ETH Zurich 
CH 8006 Zurich, Switzerland

The development of general methods with which to control the translational 

motion of atoms and molecules in the gas phase is of particular interest in high 

resolution spectroscopy and studies of cold reactive collisions. Several of these 

techniques start from cold samples formed in supersonic expansions and aim at 

stopping them in the laboratory frame. The techniques employed include multi-

stage Stark deceleration of polar molecules [1], optical Stark deceleration [2], 

and Rydberg Stark deceleration [3,4]. Recently, the Zeeman equivalent of the 

multi-stage Stark deceleration method has also been realized experimentally [5]. 

Recent progress in Rydberg Stark deceleration and in multi-stage Zeeman 

deceleration of free radicals will be presented as briefly outlined below. 

1.   Stark Deceleration of Rydberg atoms and molecules 

     Recent progress in the development of methods by which to decelerate and 

manipulate the translational motion of Rydberg atoms and molecules [3,4] in the 

gas phase using static and time-varying inhomogeneous electric fields has led to 

the experimental realization of Rydberg atom optics elements including a lens 

[6] and a mirror [7]. These experiments exploit the very large electric dipole 

moments associated with Rydberg Stark states. 

     With the goal of achieving complete control of a cloud of Rydberg atoms or 

molecules in three-dimensions, we have recently designed and constructed two- 

and three-dimensional electrostatic traps for these particles. The design of these 

traps will be presented along with the results of a series of experiments in which 

we have trapped a cloud of atomic hydrogen Rydberg atoms in states with 

principal quantum numbers around n=30. The dynamics of the Rydberg atoms 

                                                          
* This work is supported by ETH Zurich and the Swiss National Science Foundation.. 
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in the traps have been investigated by pulsed field ionization and imaging 

techniques. Trap losses by collisional and radiative processes have been 

observed and quantified.  

2.   Zeeman deceleration of  free radicals 

     The Zeeman decelerator developed in Zurich [5] is composed of a series of 

co-axial solenoids through which a pulsed gas beam propagates. By applying 

current pulses in each solenoid to generate a pulsed magnetic field as the gas 

pulse enters, we can take advantage of the linear Zeeman interaction of a ground 

state atom or molecule with unpaired electrons to decelerate the gas pulse in a 

manner analogous to that employed in a multi-stage Stark decelerator [1].  

     The optimal magnetic field pulse sequences are determined in numerical 

particle trajectory simulations, and subsequently programmed and applied to the 

coils. They permit us to implement the concepts of phase stability as in the Stark 

decelerator and in charged particle accelerators [8,9]. 

      The results of a recent series of experiments in which we have decelerated 

ground state atomic hydrogen with the Zeeman decelerator will be presented. In 

these experiments magnetic fields of 1-2 T were pulsed in each coil for tens of 

microseconds, with rise and fall times as short as 5 s. We have characterized 

the decelerated part of the gas pulse and studied the effects on the deceleration 

of zero-field time windows during which electron spin flips can occur. 
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DYNAMICS OF MOLECULES AND CLUSTERS WITH FEMTOSECOND AND 
ATTOSECOND RESOLUTION 

DANIEL M. NEUMARK 

Department of Chemistry, University of California, Berkeley, CA  92720, and Chemical Sciences Division, Lawrence 
Berkeley National Laboratory, Berkeley, CA  94720 

Time-resolved photoelectron spectroscopy measurements provide a powerful means of following complex dynamics in 

molecules and clusters.  Experiments with femtosecond time-resolution can monitor nuclear motion in clusters in real-time, 

while the emerging field of attosecond science offers the potential to follow electronic dynamics.  Results will be presented 

on the femtosecond dynamics of negatively-charged clusters in which an excess electron is bound to an aggregate of 

solvent molecules (water, methanol, acetonitrile).  These experiments provide a vital link with the dynamics of solvated 

electrons in bulk liquids.  We have also made siginificant recent progress in generating isolated attosecond pulses in the 

vacuum-ultraviolet and soft x-ray energy regimes;  recent results and  prospects for investigating attosecond dynamics in 

molecules and clusters will be presented.   
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CONTROLLING NEUTRAL ATOMS AND PHOTONS           
WITH OPTICAL CONVEYOR BELTS                                         
AND ULTRATHIN OPTICAL FIBERS 

DIETER MESCHEDE 

 Institut für Angewandte Physik der Universität Bonn,                                                             
Wegelerstr. 8 D-53115 Bonn, Germany

We store caesium atoms in a 1D standing wave optical dipole trap with no more 

than one atom per site and sufficient spacing to individually control the 

properties of each atom. The caesium ground state hyperfine levels are used as 

qubit states, and all single-atom qubit operations have been realized in the past 

already, thereby realizing a neutral atom quantum register for a bottom-up 

approach towards quantum information processing with neutral atoms. With a 

second optical dipole trap we extract atoms from their trapping sites and insert 

them into to other micropotentials. This allows us to regularize the spacing of 

stored atoms, to insert two atoms into one and the same micropotential in order 

to induce controlled interactions, and to insert atoms in a controlled way into 

high finesse optical resonators. 

In a new line of research we are exploring the potential of light confined by 

micro-structured thin optical fibers for controlled light-matter interaction in 

quantum optics. We have constructed fully tunable bottle micro-resonators and 

we have found that we can very efficiently detect and manipulate atoms or 

molecules in the immediate vicinity of fibres with sub-wavelength diameters.  
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WIDE-FIELD CARS-MICROSCOPY

CHRISTOPH HEINRICH, ALEXANDER HOFER,

STEFAN BERNET, MONIKA RITSCH-MARTE

Division for Biomedical Physics, Innsbruck Medical University,

Innsbruck, Austria
∗E-mail: monika.ritsch-marte@i-med.ac.at

We have developed a non-scanning version of a Coherent anti-Stokes Raman
Scattering (CARS) microscope 1. In contrast to the more common confocal im-
plementation, where one scans tightly focussed fs- or ps-pulses over the sample,
we use ns-pulses and a special excitation geometry that is designed to satisfy
the phase matching condition over the whole field of view. This allows fast
image acquisition, even snapshots with a single shot of the ns laser pulses are
possible 2.
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Fig. 1. Schematic setup of the wide-field CARS-microscope (left) and selective imaging
of small lung surfactant vesicles (diameter 1 - 0.9 μm) inside living alveolar cells (right).

The dark-field condensor used to satisfy the phase matching condition pro-
vides a narrow sheet of light illumination which very effectively suppresses the
non-resonant CARS background. It also improves the optical sectioning capa-
bility that is inherent to nonlinear optical imaging, by axially confining the

nonlinear interaction zone.

The performance of our wide-field CARS-microscope is demonstrated on var-

2

ious test samples: The spatial resolution is sufficient for chemically selective
imaging of (sub-)micron vesicles, containing e.g. lipids or lung surfactant, in-
side living cells. Moreover, the good spectral resolution of 5 cm−1 and the low
non-resonant background allow one to visually differentiate the various types
of lipid droplets in a mixed micro-emulsion directly in the unprocessed images,
and to quantify the saturation of the fatty acids contained in the different
vegetable oils.

Keywords: CARS microscopy, vibrational imaging, Raman spectroscopy
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ATOM NANO-OPTICS AND NANOLITHOGRAPHY 

VICTOR BALYKIN 

Institute of Spectroscopy, Troitsk, Moscow region, 142190 Russia 

We report on a new approach in atom-nano-optics that is based on the use of one, two and 

three dimensional spatially on nanometer scale localized laser fields as well as the creation 

of nanostructures on the surface. 

Atom nano-optics is part of an extensive research domain that embraces the 

manipulation of free atoms on the nanoscale [1, 2]. 

We report on a new approach in atom-nano-optics that is based on the use 

of one, two and three dimensional spatially on nanometer scale localized laser 

fields. One-dimensional field is an evanescent wave. Evanescent waves find 

widespread use in laser atom optics [3]. Two-dimensional field is produced 

through the diffraction of laser light on a small (in comparison to wavelength) 

aperture in a conductive plane [4]. In this case, a local maximum of field 

intensity is formed near the aperture. The magnitude of the maximum is 

governed mainly by the size of the aperture. The use of two parallel conductive 

screens with small coaxial apertures permits to create a three-dimensional 

localized laser field [1, 5]. The two plates spaced a distance smaller than the 

wavelength form a plane waveguide for the laser radiation coupled into it. If the 

electric field strength vector of the laser radiation is normal to the plane of the 

waveguide, the radiation can propagate through the waveguide, no matter how 

thin it is. The light field near the apertures is strongly modified. There is a light 

field intensity minimum in the direction normal to the plane of the waveguide. 

Such a light field configuration can be called as photon hole. Its characteristic 

size is determined by the size of the apertures a, the thickness of the waveguide 

d and its volume V << 3. Another nanofield can be created by using two 

conductive screens with coaxial apertures and spaced at distance of d = a/2 

apart. The electric field strength vector is parallel to the waveguide plane in this 

configuration. The intensity distribution in the aperture region drops off rapidly 

outside the waveguide in the direction normal to the waveguide and has its 

maximum at the center of the waveguide. Such a light field configuration can be 

called a photon dot. The characteristic volume of such a photon dot is V << 3.

The characteristic size of a photon dot or a photon hole is in the nanometer 

region. We discuss an application of the nanofields in atom optics and laser 

spectroscopy.

The most difficult problem in atom optics is the problem of high-resolution 

focusing of neutral atoms, which is promising as a nondestructive method for 

probing the surface at the atomic level, as well as for the creation of 

nanostructures on the surface. Although there are many proposals for focusing 

of atomic beams, this problem is experimentally unsolved. The main difficulty is 

1

2

the creation of the interaction potential of the atom with the electromagnetic 

field that is close to an “ideal” lens for atoms.  

We report on implementation of another approach [6] to the problem of 

focusing and construction of an image in atom optics, which is based on a well 

known idea of “optical pinhole camera”. In our experiment with the atom 

pinhole camera the atomic beam passes through a set of holes in a metal mask 

and thereby forms, by analogy with optics, a “glowing” object of a given 

geometry. The atoms pass through the holes in the mask, propagate in vacuum 

along rectilinear trajectories, similar to light rays, and incident on a thin film 

placed at a distance of L from the mask with a large number of nanoholes. Each 

nanohole of the film is a pinhole camera for atoms, which forms its individual 

image of the object on the substrate surface placed at a distance of l behind the 

film. In this geometry, a set of the images of the object, which are decreased by 

a factor of about m = L / l = 10000 and are formed by atoms deposited on the 

surface, is created on the substrate. By using an array of apertures, the total 

number of nanostructures produced in one process exceeds 10
7 on a 2 x 2 mm 

area of the substrate surface. The nanostructures produced have heights in the 

range of 1-10 nm and lateral spatial features of less than 50 nm. 
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Ultracold & ultrafast: Making and manipulating ultracold
molecules with time-dependent laser fields

C. P. Koch

Institut für Theoretische Physik, Freie Universität Berlin,

Arnimallee 14, D-14195 Berlin, Germany

E-mail: ckoch@physik.fu-berlin.de

www.physik.fu-berlin.de/∼ag-koch

While ultracold matter brought quantum effects onto the macroscopic scale,

ultrafast lasers made quantum dynamical phenomena observable in real-time.

Bringing the two together seems natural and holds the promise of employing

quantum interferences in an unprecedented way. Photoassociation provides an

optimal framework for the merger since in principle it relies only on the presence

of optical transitions. Combining it with coherent control where the potential

energy surfaces governing the dynamics can be ’shaped’, a general route toward

stable ultracold molecules is obtained.

I will present theoretical predictions for coherent formation of ultra-

cold alkali and alkaline earth dimer molecules in a two-color pump-dump

scheme. The pump or photoassociation pulse transfers part of the atomic

density into an electronically excited molecular state, giving rise to a non-

stationary wavepacket. Subsequently, the dump or stabilization pulse catches

this wavepacket, sending it back to the electronic ground state before sponta-

neous decay sets in. This pump-dump scheme leads to ultracold ground state

molecules as well as pairs of hot atoms. The efficiency of molecule formation is

determined by the shape of the excited state potentials. The probability of pho-

toassociation is highest for excitation into the long-range 1/R3 excited-state

potentials of homonuclear dimers. Potentials favorable to efficient stabilization

exist in the heavy alkali systems due to spin-orbit coupling: Softly repulsive

potential walls and resonantly coupled potentials allow for molecular binding

energies of the order of 10–100 cm−1. In the alkaline earth dimers, potentials

with 1/R3 long-range behavior do not show any features favorable for stabi-

lization. However, an additional external field can be employed to take over the

role of the resonant spin-orbit coupling of the alkalis, and qualitatively change

the excited state dynamics. This field-induced resonant coupling is completely

controlled externally. If molecule formation is to be followed by subsequent

Raman steps, the field-induced resonant coupling can be adjusted to facilitate

dynamics toward the vibronic ground state.

I will conclude by discussing future perspectives of manipulating ultracold

matter with ultrafast lasers.
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HIGH-RESOLUTION LASER SPECTROSCOPY OF 
ULTRACOLD YTTERBIUM 

YOSHIRO TAKAHASHI,

Department of Physics, Graduate School of Science, Kyoto University,  Oiwakecho, 
Kitashirakawa, Sakyoku, Kyoto City, Kyoto, 606-8502, Japan 

We have performed high-resolution laser spectroscopy using ultracold ytterbium (Yb) 

atoms. The various quantum degenerate gases of Yb have been successfully created  and 

the scattering lengths have been precisely determined by high-resolution two-color photo-

association spectroscopy. High-resolution laser spectroscopy of ultracold Yb atoms using 

the ultra-narrow intercombination transitions 1S0-
3P0 and 1S0-

3P2 has been also performed.

The study of ultracold dilute gases is undoubtedly one of the most

interesting research fields. In particular, a utracold gas of ytterbium (Yb) is

remarkable in that it offers many interesting possibilities. The two valence

electrons result in singlet and triplet states connected by extremely narrow 

intercombination transitions which have received considerable attention as a

frequency standard with unprecedented precision1,2. The existence of rich 

varieties of stable isotopes of five bosons (168Yb, 170Yb, 172Yb, 174Yb, and 176Yb)

and two fermions (171Yb and 173Yb) will allow us to study various interesting

quantum degenerate gases using Yb atoms.

Recently we have successfully created various quantum degenerate gases of 

Yb atoms by all optical means. In addition to the previously obtained Bose-

Einstein condensation (BEC) of 174Yb, we have obtained BEC of 170Yb and 
176Yb. In particular, the mixture of BEC of 176Yb and 174Yb has been obtained

by a sympathetic cooling method. The similar all optical method has been

successfully applied to obtain Fermi degeneracy of 6 spin mixtures of 173Yb

atoms3 and 174Yb-173Yb quantum degenerate mixture.

We have also performed the high-resolution two-color photo-association

spectroscopy to determine the binding energies of least bound states of six

isotopes of Yb. Based on these measurements and theoretical considerations, we

have accurately determined the scattering lengths of all Yb isotopes as well as 

those of different isotope pairs. The obtained scattering lengths are consistent

with the behaviors of our successfully obtained BECs of 174Yb, 170Yb, and 176Yb,

1

2

and evaporative cooling. The optical Feshbach resonance experiment has been 

also performed to change the scattering length4.

 In addition, we have performed high-resolution laser spectroscopy of 

ultracold bosonic and fermionic Yb atoms using the ultra-narrow 

intercombination transitions 1S0-
3P0 and 1S0-

3P2. By performing the spectroscopy 

with the different trap confinement for the ground and excited states, the 

spectrum can reflect the energy distribution of the ultracold gas. We will also 

discuss the possible application of ultracold Yb atoms in an optical lattice to a 

scalable quantum computation by making use of the large magnetic moment for 

the 3P2 state and ultra-narrow linewidth of the 1S0-
3P2 transition.  

Acknowledgments

This work was done under the collaboration with T. Fukuhara, S. Sugawa, A. 

Yamaguchi, S. Kato, M. Kitagawa, S. Uetake, K. Enomoto, Y. Takasu, P. S. 

Julienne, R. Ciurylo, and P. Naidon. 

References

1. M. Takamoto, F.-L. Hong, R. Higashi, and H. Katori, Nature 435, 321 

(2005).

2. Z. W. Barber, C. W. Hoyt, C. W. Oates, L. Hollberg, A. V. Taichenachev, 

and V. I. Yudin,  Phys. Rev. Lett. 96, 083002 (2006). 

3. T. Fukuhara, Y. Takasu, M. Kumakura, and Y. Takahashi., Phys. Rev. Lett.
98, 030401 (2007). 

4. R. Ciurylo, E. Tiesinga, and P. S. Julienne, Phys. Rev. A. 71, 030701(R) 

(2005).

26

Thursday Talk 2



BOSE-EINSTEIN CONDENSATES ON PERMANENT MAGNET 
MICROSTRUCTURES ON AN ATOM CHIP 

S. WHITLOCK, M. SINGH, R. ANDERSON, B.V. HALL, M. VOLK, A.I. SIDOROV AND 

P. HANNAFORD

ARC Centre of Excellence for Quantum-Atom Optics and 
Centre for Atom Optics and Ultrafast Spectroscopy 

Swinburne University of Technology, Melbourne, Australia 3122 

We report on recent experiments on Bose-Einstein condensates on permanent magnet 

microstructures mounted on an atom chip [1]. Magnetic microstructures based on 

permanent magnetic films can produce highly stable, reproducible potential wells 

with low technical noise and low heating rates and they can be produced with large 

trap depth and high trap frequencies without ohmic heating. Our permanent magnet 

microstructures are fabricated in-house using perpendicularly magnetised TbGdFeCo 

magneto-optical thin films. 

 Ultracold atoms near the transition temperature have a narrow distribution of 

energies and thus concentrate in local minima of the potential so that the atomic 

density deceases with the rise of the potential.  By using rf-induced spin-flips to 

remove atoms where the Zeeman splitting matches the rf frequency, we have mapped 

small variations of the magnetic field close to an edge of a magneto-optical film and 

have demonstrated that ultracold atoms can be used as a sensitive surface microprobe 

[2]. We have also carried out experiments on a double-well potential with tunable 

asymmetry on the magneto-optical film to dynamically split a BEC of 
87Rb atoms.  

By controlling the barrier height and double-well asymmetry, we show that the 

distribution of the superfluid between the two wells responds strongly to the 

asymmetry and that such a double well can be a sensitive sensor of gradients of 

potentials [3].   

 We also report investigations on the use of perpendicularly magnetised thin films 

to construct periodic magnetic lattices for manipulating BECs and ultracold atoms on 

an atom chip [4].  Magnetic lattices do not involve laser beams and hence there is no 

decoherence due to spontaneous emission, and only atoms in low magnetic field 

seeking states can be trapped, allowing the possibility of performing radiofrequency 

evaporative cooling in situ in the lattice and the study of very low temperature 

phenomena in a lattice.  
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STRONGLY CORRELATED QUANTUM PHASES WITH COLD 
POLAR MOLECULES 

HANS-PETER BÜCHLER

Theoretische Physik, Universität Innsbruck, Technikerstr. 25 
Innsbruck, Austria 

The quest for quantum degenerate polar molecules marks one of the latest 

developments in the rapidly evolving field of ultracold gases. A characteristic 

property of these heteronuclear molecules is a finite permanent electric dipole 

moment, which allows for driving an anisotropic dipole-dipole interaction 

between the particles using static electric fields and/or microwave fields. 

This strong and tunable long-range interaction offers the opportunity for wide 

application in designing strongly correlated systems. We will present some 

examples of possible strongly correlated systems which can be obtaine in polar 

molecules such as crystalline structures, and Hubbard models with three-body 

interactions. This crystalline phase has potential applications as an alternative 

method to optical lattice for creating lattice structures for cold atomic gases with 

the advantage of a natural honeycomb and triangular lattice structure and the 

coupling to phonons as a heat bath. Furthermore, the strong repulsion on short 

distances provide a reduction of inelastic collisions and consequently the long 

life-time  makes these crystals very appealing for the usage as a quantum 

information storage devices. 

1
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ULTRACOLD METASTABLE HELIUM-4 and HELIUM-3
GASES

W. VASSEN∗, T. JELTES, J. M. McNAMARA and W. HOGERVORST

Laser Centre Vrije Universiteit, De Boelelaan 1081,

1081 HV Amsterdam, The Netherlands
∗E-mail: w.vassen@few.vu.nl

www.few.vu.nl/∼wim

V. KRACHMALNICOFF, M. SCHELLEKENS, A. PERRIN, H. CHANG,

D. BOIRON, A. ASPECT and C. I. WESTBROOK

Laboratoire Charles Fabry de l’Institut d’Optique,

CNRS, Univ. Paris-sud, Campus Polytechnique RD 128,

91127 Palaiseau Cedex, France

Bose-Einstein condensation (BEC) of metastable 4He (4He*) atoms has
been observed for the first time in 2001 [1,2]. Since then research of ultra-
cold 4He* focused on determining ultracold collisional properties such as
scattering length and two-body loss rate coefficients on the one hand and
photo-association of (long-range) molecules on the other hand. In 2005, for
the first time, atom bunching was observed for 4He* bosonic atoms [3]. In
Amsterdam we have observed BEC of 4He* in 2005 and realized conden-
sates containing more than 107 atoms [4]. Adding the fermionic isotope
3He we have realized a degenerate Fermi gas (DFG) by sympathetic cool-
ing of 3He* by 4He* [5,6]. Being able to create ultracold samples of either
4He*, 3He*, or a mixture of the two, we studied, in collaboration with the
group of Chris Westbrook, the analogue of the Hanbury Brown Twiss ef-
fect for 3He* fermions and observed antibunching, as shown, together with
bunching observed for 4He* in the same apparatus, in Fig. 1 [7].
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(fermions) in the lower plot (from Ref. [7]).
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Single atoms in optical tweezers for quantum computing

A. Browaeys∗, J. Beugnon, C. Tuchendler, H. Marion, A. Gaëtan, Y. Miroshnychenko,

Y.R.P. Sortais, A.M. Lance M.P.A. Jones, G. Messin, P. Grangier

Laboratoire Charles Fabry de l’Institut d’Optique, CNRS, Univ. Paris-sud, Campus

Polytechnique, RD 128, 91127 Palaiseau cedex, France
∗E-mail: antoine.browaeys@institutoptique.fr

Our group is interested in neutral atom quantum computing. With this

goal in mind, we have recently shown how a single rubidium atom trapped

in an optical tweezer can be used to store, manipulate and measure a qubit.1

I will detail in this talk how we trap and observe a single atom in an

optical tweezer created by focusing a far-off resonant laser down to a sub-

micron waist. Our qubit is encoded on the |0〉 = |F = 1, M = 0〉, |1〉 =
|F = 2, M = 0〉 hyperfine sublevels of a rubidium 87 atom. We initialize

the qubit by optical pumping. We read the state of the qubit using a state

selective measurement limited by the quantum projection noise. We perform

single qubit operation by driving a two-photon Raman transition. We have

measured the coherence time of our qubit by Ramsey interferometry. After

applying a spin-echo sequence, we have found an irreversible dephasing time

of about 40 ms.

Neutral atoms are promising candidate for the realization of a large

scale quantum register. To perform a computation, an additionnal key fea-

ture is the ability to perform a gate between two arbitrary qubits of the

register. As a first step, we have demonstrated a scheme where the qubit is

transfered between to tweezers with no loss of coherence and no change in

the external degrees of freedom of the atom. We have then moved the atom

over distances typical of the separation between atoms in an array of dipole

traps, and shown that this transport does not affect the coherence of the

qubit. We thus believe that this optical tweezer can be used as a “moving

head” in the architecture of a neutral atom based quantum computer.

2
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ATOM DETECTION AND PHOTON PRODUCTION IN A 
SCALABLE, OPEN, OPTICAL MICROCAVITY 

E. A. HINDS, M. TRUPKE, J. GOLDWIN, B. DARQUIÉ,  

G. DUTIER, S. ERIKSSON, AND J. ASHMORE 

Centre for Cold Matter, Imperial College, Prince Consort Road, London SW7 2AZ, UK

A microfabricated Fabry-Perot optical resonator has been used for atom 

detection and photon production with less than 1 atom on average in the cavity 

mode. Our cavity design combines the intrinsic scalability of microfabrication 

processes with direct coupling of the cavity field to single-mode optical 

waveguides or fibers. The presence of the atom is seen through changes in both 

the intensity and the noise characteristics of probe light reflected from the cavity 

input mirror. An excitation laser passing transversely through the cavity triggers 

photon emission into the cavity mode and hence into the single-mode fiber. 

These are first steps towards building an optical microcavity network on an 

atom chip for applications in quantum information processing. 

1

2
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Entanglement of two single-atom quantum bits at a distance

P. Maunz∗, D. L. Moehring, S. Olmschenk, K. C. Younge, D. N. Matsukevich,

L.-M. Duan, C. Monroe

FOCUS Center and Department of Physics, University of Michigan,
Randall Lab, 450 Church Street, Ann Arbor, MI 48109-1040

∗E-mail: pmaunz@umich.edu
http://iontrap.physics.lsa.umich.edu/

We demonstrate the entanglement of the quantum states of two 171Yb+ ions
trapped in independent vacuum chambers separated by a distance of one meter.
The two ions each emit a single photon which is entangled with the quantum
state of the ion. The interference and subsequent detection of these photons
heralds the entanglement of the long-lived atomic quantum bits. We measure
correlations of the quantum bits in two different bases and obtain an entangle-
ment fidelity greater than 75%.

Trapped atomic ions are among the most attractive implementations of
quantum bits for applications in quantum information processing, owing
to their long trapping lifetimes and long coherence times. While nearby
trapped ions can be entangled through their Coulomb-coupled motion, it
is more natural to entangle remotely-located ions through a photonic cou-
pling, eliminating the need to control the ion motion. When two atomic ions
each become entangled with an emitted single photon, subsequent interfer-
ence and detection of these photons in a Bell state can leave the trapped ion
qubits in an entangled state.1–3 Although this entanglement is probabilis-
tic, the successful generation of an entangled pair is heralded by a photon
coincidence detection and thus allows the preparation of entanglement with
high fidelity. Moreover, such a photonic coupling can be tailored to operate
quantum gates between the ions and efficiently generate extended networks
of entangled qubits for long distance quantum communication or cluster
states for scalable quantum computation.

In the experiment, individual 171Yb+ ions are stored in two indepen-
dent Paul traps located in vacuum chambers separated by approximately
one meter. Each atoms is first prepared in a known excited state with ul-
trafast laser pulses. From this excited state, a single spontaneously emitted

2

photon becomes entangled with the final state of each atom. The spatial
and polarization mode of the emitted photons are selected such that the
photonic qubit is encoded in two resolved frequencies and the atomic qubit
is represented by two ground state hyperfine levels. When the two photons
—one from each ion— are mode-matched on a beam splitter, the photons
will exit from different ports of the beam splitter only if they are in a well
defined antisymmetric entangled state. Hence, the coincidence detection of
these two photons projects the two atoms onto a maximally entangled an-
tisymmetric state and heralds the entanglement of the two ion qubits. The
resulting entanglement is directly verified via state detection of the two
trapped atom with near-perfect detection efficiency.
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Quantum Optics with Single Atoms and Photons

H. J. Kimble

Norman Bridge Laboratory of Physics 12-33, California Institute of Technology,

Pasadena, CA 91125, USA; e-mail: hjkimble@caltech.edu

Over the past several decades, experimental capabilities in Quantum Optics

have progressed to achieve remarkable control over the interactions of single

atoms and photons. I will describe several recent examples from the Caltech

Quantum Optics Group, including a quantum interface for matter and light

realized within the setting of cavity QED, and the coherent manipulation of

the entangled states of two remotely located atomic ensembles.

1. Reversible state transfer between light and a single
trapped atom

An important goal in quantum information science is the realization of
quantum networks for the distribution and processing of quantum informa-
tion,1 including for quantum computation, communication, and metrology.
In the initial proposal for the implementation of quantum networks,2 atomic
internal states with long coherence times serve as ‘stationary’ qubits, stored
and locally manipulated at the nodes of the network. Quantum channels
between different nodes are provided by optical fibers to transport photons
(‘flying’ qubits). A crucial requirement for such networks is the reversible
mapping of quantum states between light and matter. Cavity quantum elec-
trodynamics provides a promising avenue for attaining this capability by
using strong coupling for the interaction of single atoms and photons.3

I will describe an important advance related to the interface of light
and matter, namely the demonstration of the reversible mapping of a prop-
agating optical field to and from the hyperfine ground states of a single,
trapped Cesium atom.4 Specifically, we map an incident coherent state with
n̄ = 1.1 photons into a coherent superposition of F = 3 and F = 4 ground
states with transfer efficiency ζ = 0.057. We then map the stored atomic
state back to a field state. The coherence of the overall process is confirmed
by observations of interference between the final field state and a phase-

2

coherent reference field, resulting in a fringe visibility va = 0.46 ± 0.03.
We thereby provide the first verification of the fundamental primitive upon
which the protocol of Cirac et al. is based.2

2. Functional Quantum Nodes for Entanglement
Distribution over Scalable Quantum Networks

An approach of particular importance for the distribution of entanglement
is the seminal paper by Duan, Lukin, Cirac, and Zoller (DLCZ) for the
realization of quantum networks based upon entanglement between single
photons and collective atomic excitations.5 DLCZ proposed to use pairs of
atomic ensembles (Ui, Di) at each quantum node i, with the sets of ensem-
bles {Ui}, {Di} separately linked in parallel chains across the network.5

By implementing a modified version of the DLCZ protocol, we have
created, addressed, and controlled pairs (Ui, Di) of atomic ensembles at
each of two quantum nodes,6 thereby demonstrating entanglement dis-
tribution in a form suitable both for quantum network architectures and
for entanglement-based quantum communication schemes. Specifically, two
pairs of remote ensembles at two nodes are each prepared in an entangled
state,7 in a heralded and asynchronous fashion, thanks to the conditional
control of the quantum memories. The states of the ensembles are coher-
ently transferred to propagating fields locally at the two nodes. The fields
are arranged such that they effectively contain two photons, one at each
node, whose polarizations are entangled, as verified by the violation of a
Bell inequality. The effective polarization entangled state, created with fa-
vorable scaling behavior, is thereby compatible with entanglement-based
quantum communication protocols.5

This work is supported by the NSF and by the DTO.
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FREQUENCY COMPARISON OF Al+ AND Hg+ OPTICAL
STANDARDS‡
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BERGQUIST, AND D. J. WINELAND

National Institute of Standards and Technology,
325 Broadway, Boulder, CO 80305
∗E-mail: trosen@boulder.nist.gov

We measure the frequency ratio of two single ion frequency standards:1,2

27Al+ and 199Hg+ . Systematic fractional frequency uncertainties of both

standards are below 10−16, and the statistical measurement uncertainty is

below 5 × 10−17 [see Fig. 1(a)]. Recent ratio measurements show a repro-

ducibility that is better than 10−16 [see Fig. 1(b)].
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Fig. 1. Fractional stability of the ratio νAl+/νHg+ (a). History of measurements of
νAl+/νHg+ (b).
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ULTRACOLD STRONTIUM ATOMS IN AN OPTICAL LATTICE 
– QUANTUM MEASUREMENT AND CLOCK 

A. D. LUDLOW, T. ZELEVINSKY, M. M. BOYD, S. BLATT, S. M. FOREMAN, G. 

K. CAMPBELL, T. ZANON, AND J. YE†

JILA, National Institute of Standards and Technology and University of Colorado, 440 
UCB, Boulder CO 80309-0440 USA

Ultracold atoms confined in an optical lattice offer an ideal platform for 

quantum manipulation and precision measurement. We report our recent

development in the use of fermionic strontium for a precise and accurate optical 

atomic clock [1]. Atom-light interaction with coherence times approaching 1 s 

permits observation of the optical resonance with an unprecedented quality 

factor exceeding 2 x 1014 [2].  We will discuss the present limit of the clock

instability of ~2 x 10-15 at 1 s, as well as appropriate steps for further

improvement towards the quantum-projection-noise limit and beyond. The 

overall inaccuracy of such a clock is evaluated below the 7 x 10-16 fractional

level.  The clock frequency has also been measured against the NIST-F1 Cs

fountain to a 1.1 Hz uncertainty, dominated by calibration of a microwave

standard to the Cs fountain [3].  This system has the potential for very high

stability and accuracy. Finally, we will describe an optical standard transfer 

scheme capable of making remote (tens of km) comparisons between optical

frequency standards at instabilities below 10-17 at 1 s.  We will present

preliminary results of an optical comparison of the Sr standard to other optical

standards in the Boulder area. 
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MATTER-WAVE LOCALIZATION IN ANHARMONIC

PERIODIC POTENTIALS

T. J. ALEXANDER1,∗, M. SALERNO2, E. A. OSTROVSKAYA1, YU. S. KIVSHAR1

1Nonlinear Physics Centre, Australian National University,
Canberra, ACT 0200, Australia
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I-84081 Baronissi (SA), Italy
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We demonstrate that subtle deviations from a harmonic periodic potential
may lead to dramatic changes in the band gap structure and nature of the
gap solitons and Bloch waves of a Bose-Einstein condensate in the lattice. In
particular we reveal that a minimum in higher gaps occurs near the maximum
in the first gap, allowing nontrivial mixed gap solitons to exist. Our results
connect the currently disparate research into the effect of potentials across the
fields of nonlinear optics and Bose-Einstein condensation.

Keywords: Bose-Einstein condensates; Gap solitons; Anharmonic potential;

The study of the effects of periodicity is of growing interest in different

fields of physics ranging from condensed matter to optics and more recently

to Bose-Einstein condensation. In the physics of Bose-Einstein condensates

(BECs), a strong interest has developed around the use of optical lattices to

manipulate and control condensate diffraction and localization [1]. Usually,

optical lattices are produced by the interference of intersecting laser beams,

and to a large extent they can be described by harmonic functions.

However, another well-known way to produce a lattice for cold atoms

or BECs is to use periodic arrays of magnetic microtraps [2]. Thus with

the advent of carefully engineered magnetic lattices it is now possible to

consider BEC in a far wider range of potentials, even to the extent of

lattices similar to those studied in optics.

Here we study the properties of generalized periodic potentials which

vary between the two extreme cases of the so-called “dot” (Fig. 1(a)) and

2

“antidot” (Fig. 1(c)) lattices and which include the sinusoidal optical lattice

potential as an intermediate case (Fig. 1(b)). We examine both one- and

two-dimensional potentials and reveal the changes introduced to both the

band structure and the localized states which may be found in the band

gaps. We show that the optimum periodic potential for localization is not

the typical sinusoidal optical lattice but that instead larger gaps are found

in the anti-dot end of the spectrum of potentials (see Fig. 1). However,

while the first gap opens, we show that higher gaps actually close due to

a reversal of the symmetry of the band edge Bloch waves. We show that

one consequence of this nontrivial opening and closing of the gaps is the

mixed-gap soliton shown in Fig. 1(f) which exists as a surface state between

two types of potential and localized in different gaps. Finally, we consider

particle circulation through the different lattice structures, demonstrating

“discrete” vortices in one limit, and quasi-continuous vortices in the other.
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Fig. 1. Main panel: Opening and closing of gaps with change in potential shape from
“dot” type (a), through sinusoidal (b) to “anti-dot” type (c). (d,e,f) Examples of 1st
gap, 2nd gap, and mixed gap solitons respectively.
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PRECISION MEASUREMENTS OF FREQUENCY, TIME AND 

DISTANCE WITH FREQUENCY COMBS GENERATED BY 

FEMTOSECOND LASERS *
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V.M. KLEMENTYEV, I.I. KOREL, S.A. KUZNETSOV, B.N. NUSHKOV,  
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V.F. ZAKHARYASH 

Institute of Laser Physics SB RAS, prosp. Lavrentyeva 13/3, Novosibirsk, 630090, Russia

The recent results on the development of femtosecond frequency comb systems and their 

metrological application are reported. 

Precision metrology of physical values has received a major boost with 

emergence of highly accurate broadband frequency combs generated either 

directly by mode-locked lasers or in special optical fibers. 

In this report we review the research carried out at the Institute of Laser 

Physics SB RAS in the field of precision measurements of frequency, time and 

distance with frequency combs generated by femtosecond lasers. The comb 

systems based on various mode-locked lasers, such as the solid state 

Ti:Sapphire, Cr:Forsterite and Yb:KYW lasers as well as Er-fiber laser, 

developed at the Institute of Laser Physics are described. 

The results of high precision frequency measurements of transitions in 

molecular iodine in the wavelength range of 515 nm by means of a frequency-

stabilized infrared frequency comb from the mode-locked Cr:Forsterite laser are 

reported. Iodine transitions in this range feature a narrow linewidth (10 kHz) 

and can be used for establishment of an optical frequency standard with 

potential frequency instability on the order of 10
-15. A cw Yb:YAG laser at 1030 

nm has been developed at the ILP SB RAS as a candidate for such a standard. 

Future application of the developed comb systems for precision 

measurements of length and small amplitude oscillations is discussed. It is 

proposed to pass radiation from femtosecond laser through a perfect Fabry-Perot 

interferometer. The transmission maxima of the interferometer can be used as 

reference lines for absolute length measurements. The possibility of developing 

a unified frequency and length standard is shown. Also, theoretical and 

                                                          
* This work partially supported by grants 06-02-16286-a, 06-02-08069-ofi of the Russian Foundation 

for Basic Research and EOARD # 059001, Delivery Order 0028, CRDF RUP2-1510-NO-05. 
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experimental investigations of the measurement of small harmonic surface 

oscillations with the help of a femtosecond laser are presented. In this case, the 

radiation can be considered as a large number of spectral components that can 

act as separate channels for the measurements of displacements of an oscillating 

surface. These channels can be used to implement independent measurements 

and consequently to increase the signal-to-noise ratio. In the limit, if we could 

detect separately all beats between all laser modes, it would be possible to 

decrease the signal-to-noise ratio by a factor of sqrt(N), where N is the number 

of laser radiation modes. 

In the past decade much attention has been paid to the spectral broadening of 

femtosecond pulses. Considering impressive effectiveness of this technique for 

high-precision spectroscopy, one should note that spectral broadening in fibers 

with strong nonlinear characteristics obviously affect stability of the 

femtosecond frequency comb. While noise characteristics of a stationary pulse 

trains generated by a stable mode-locked lasers are studied theoretically 

perfectly, there are still numerous questions regarding stability of the fiber 

outcoming radiation. So the major question is what are the main factors and 

parameters reducing frequency measurements accuracy. The influence of initial 

pulse train instability on the supercontinuum generated in optical fiber in 

presence of strong nonlinearity and dispersion effects is discussed. We also 

present a numerical study of spectral noise in pulse trains propagating through 

an optical fiber with high nonlinearity. It is shown that fluctuations of ingoing 

radiation, strongly affect the output spectral characteristics: spectral envelope 

and amplitudes of equidistant components in femtosecond comb. 
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COHERENT HETERODYNE-ASSISTED PULSED

SPECTROSCOPY (CHAPS)

KENNETH G. H. BALDWIN
†
AND MITSUHIKO KONO

Atomic and Molecular Physics Laboratories, Research School of Physical Sciences and

Engineering, Australian National University,Canberra, ACT 0200, Australia

YABAI HE, RICHARD T. WHITE
*
AND BRIAN J. ORR

Centre for Lasers and Applications, Macquarie University, Sydney, NSW 2109, Australia

We describe a new pulsed laser spectroscopy technique that combines optical heterodyne

detection with frequency binning. This method is used to demonstrate the high resolution

capability (very close to the Fourier-transform limit) of a low-chirp, injection-seeded

pulsed optical parametric oscillator, via Doppler-free two-photon excitation in cesium.

The bandwidth of pulsed lasers used for high-resolution measurements at

high peak powers (lidar, nonlinear-optical spectroscopy, and frequency

conversion into other wavelength regions e.g., the vacuum ultraviolet) is limited

fundamentally by the Fourier transform (FT) of the temporal pulse profile.

Other spectroscopic limitations include frequency chirp during each pulse,

fluctuations in temporal profiles, and shifts in the central frequency.

We have devised a new, more precise, pulsed laser-spectroscopic technique:

Coherent Heterodyne-Assisted Pulsed Spectroscopy (CHAPS) [1]. We have

applied CHAPS by using a low-chirp optical parametric oscillator (OPO) system

[2] which employs a periodically-poled KTiOPO4 crystal in a bow-tie cavity

locked to the frequency of a narrowband cw laser that injection-seeds the

nonlinear-optical process. When pumped with a single-longitudinal-mode 532-

nm pulsed laser, the OPO generates narrowband signal and idler output

radiation. In the experiments described here, we demonstrate that each OPO

pulse has a nearly FT-limited optical bandwidth.

Optical-heterodyne detection (OHD) [2] is used to characterize each OPO

output pulse. Part of the seed laser light is frequency-shifted by ~720 MHz

†
Kenneth.Baldwin@anu.edu.au

* Now at Industrial Research Ltd, P.O. Box 31–310, Lower Hutt, New Zealand
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using an acousto-optic modulator, and is combined with the OPO pulse to

create beats on a fast photodetector. A FT and sideband-filtering procedure then

yields the frequency chirp, central frequency, and reconstructed temporal profile

of each pulse.

When the OPO process is optimally phase-matched by temperature-tuning

the peak gain to the seed laser wavelength, the total chirp during the OPO pulse

(~23-ns FWHM) is <10 MHz. The OHD-determined optical bandwidth is then

very close to the FT limit (~17 MHz).

To determine the OPO's spectroscopic bandwidth precisely, we have made a

Doppler-free measurement of the very narrow (<2 MHz) two-photon excitation

of the cesium 6S–8S transition [1]. We locked the 822.47-nm cw seed laser to

the Doppler-free peak in one Cs cell, and then measured the OPO-excited Cs

fluorescence from a second cell to obtain the spectroscopic linewidth.

We are able to remove the inhomogeneous broadening effect of pulse-to-

pulse frequency jitter by exploiting the additional information provided by

OHD. Every OHD beat frequency measurement yields the central frequency of

the OPO signal pulse, which tends to jitter around the Cs resonance, owing to

residual instabilities in the (locked) OPO cavity. In our novel CHAPS technique

[1], we bin the resulting central frequency distribution to record spectra such as

in Fig. 1(a), without actively scanning the seed wavelength or the OPO itself.

By temperature tuning the OPO to operate very near the phase-matched (zero-

chirp) condition we are able to minimize both the frequency distribution over

many shots as well as the chirp of each individual OPO pulse.

We find that the OPO is indeed operating very close to the FT limit with a

demonstrated minimum spectroscopic bandwidth of 18.0 ± 0.2 MHz. We expect

that this OPO source and the novel heterodyne-assisted CHAPS method will

prove very useful for high-precision pulsed spectroscopy, such as improved

measurement of the ground-state Lamb shift in helium by two-photon excitation

of the 1S–2S transition at ~120 nm [3].
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AN OPTICAL LATTICE CLOCK BASED ON AN EVEN 
ISOTOPE OF NEUTRAL YTTERBIUM 

Z. W. BARBER*, C. W. OATES, J. E. STALNAKER, C. W. HOYT, AND L. 
HOLLBERG 

National Institute of Standards and Technology, 325 Broadway, 

Boulder 80305, USA 

We report improvements and new measurements of an optical clock system based on the 1S0
3P0 transition in neutral 174Yb at 578.4 nm.  Included will be an absolute frequency 
measurement of this promising transition along with evaluation of some key systematic shifts.  
Absolute fractional uncertainties of well below 10-16 appear attainable with this system. 

       We are currently investigating the capabilities of an optical atomic clock 
that uses 104 neutral atoms confined tightly in a 1-D optical lattice1.  In contrast 
to most other lattice clock investigations2,3,4, our work focuses on an even 
isotope5, 174Yb.  With no zero nuclear spin, even isotopes offer some potential 
advantages over their odd counterparts due to simpler structure (no Zeeman 
sublevels or optical pumping effects) and lack of first order sensitivity to 
magnetic fields and lattice polarization.  However, in order to induce a non-zero 
transition probability for the clock transition in the even isotopes, it is necessary 
to use an auxiliary field in order mix a small fraction of J=1 states into the J=0 
excited state of the clock transition. In our experiment, we use a 13 G magnetic 
bias field to provide the required mixing; when combined with probe light 
intensity of 60 mW/cm2, we achieve Rabi frequencies of about 5 Hz. 
     The atoms are loaded into the 1-D lattice with two stages of laser cooling.  
First, about 106 atoms from thermal beam fill a MOT (magneto-optic trap) based 
on the strong cooling transition at 399 nm, using InGaN diodes as the laser 
source. A frequency doubled Yb fiber laser at the 556 nm intercombination line 
allows us to transfer roughly half of atoms to a second MOT reducing the atom 
temperatures from 4 mK to 50 K, the approximate depth of the potential wells 
of the optical lattice.  The optical lattice consists of retroreflected, tightly 
focused light (waist = 30 m, power = 1 W), whose wavelength is tuned near 
759.35 nm, the value at which the ground and excited states experience nearly 
identical Stark shifts.  We probe the atoms along the axis of tight confinement to 
suppress Doppler effects.  We recently constructed a new probe system at 578 
nm based on sum frequency of a 1.319 m Nd:YAG laser and a 1.03 m fiber 
laser.  With 100 mW of each infrared source we generate 10 mW of yellow light 
in a periodically-poled non-linear waveguide. The frequency of the probe light is 
pre-stabilized to a high finesse (200,000), environmentally-isolated, vertically-
mounted cavity.  Below we show a scan over the resonance with a FWHM of 4 
Hz, corresponding to a line Q of more than 1014. 
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Figure 1. Scan of the optical clock transition in 174Yb.  The decrease in atom number reflects 
shelving of lattice-confined atoms through excitation by the probe laser at 578 nm. 

Our most recent efforts have focused on the evaluation of key systematics.  In 
particular we have improved our knowledge of the magic wavelength and 
evaluated the effect of a J=0 J=0 two photon transition that lies 0.3 nm away.  
Our preliminary measurements indicate that this effect contributes a shift of 0.2 
Hz for our typical lattice intensities.  Furthermore, we are investigating how this 
shift can be suppressed by use of circularly polarized lattice light.  
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Adiabatic beam-splitter pulses for atom interferometry
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∗E-mail: jbateman@soton.ac.uk

The components of an interferometer are the mirrors and beam-splitters

which, respectively, deflect, split and recombine the light. The equivalent

elements in atom interferometry are provided by pulses of light which trans-

fer the population between eigenstates and switch between eigenstates and

superpositions.1 These optical ‘mirrors’, ‘beam-splitters’ and ‘recombiners’

are traditionally provided by Rabi π and π/2 pulses which, while simple,

are experimentally fragile.2,3 The remarkably robust process of adiabatic

passage can approximate the mirror operation, but the extension of this

technique to beam-splitters is not trivial. Specifically, a simple truncation

of a pulse which would otherwise have caused full inversion does not exhibit

the robustness of full adiabatic passage.

We investigate the possibility of extending adiabatic manipulation, in-

cluding the characteristic robustness, to operations such as ‘half adiabatic

passage’, to provide beam-splitters and recombiners. Pulses are designed by

controlling the adiabatic parameter, which is a measure of how closely the

operation approximates the adiabatic ideal, throughout the pulse including,

crucially, the final extinction.

Using this technique, we obtain a pulse which is tolerant of experimental

variations, the principle sources of which are expected to be variations in

intensity across a beam profile and the different Doppler shifts of thermal

atoms. Stability is compared with the π/2 pulse and examples given for

a typical experiment. The progress of an experiment to implement these

techniques is discussed.
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Fig. 1. Coupling strength (solid) and detuning (dashed) for a ‘beam-splitter’ pulse with
an experimentally simple intensity modulation and an optimised detuning function.
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Fig. 2. The fidelity of superposition (left) and phase (right) resulting after application
of an optimised ‘beam-splitter’ pulse whose deviation from the ideal, due to experimen-
tal variations, is parametrised by α and f , where α is the ratio of actual to expected
coupling strength, and f is the detuning from resonance in natural units. Fidelity q, as
expected, shows a narrow branch around f = 0 for which, above a minimum α, an equal
superposition is created with relative phase sinφ unaffected by changing α but strongly
dependent on f . The unexpected lower branch, centred on f = −1.09, for which fidelity
is high and phase is rapidly varying, will be discussed. White is high and black is low,

and q ≡ 1 − 2
˛
˛
˛
1
2
− |〈0|ψ〉|2

˛
˛
˛ and sin(φ) ≡ Im 〈1|ψ〉

〈0|ψ〉
. Results were obtained numerically.

References

1. J. Baudon, R. Mathevet and J. Robert, J. Phys. B 32, R173 (1999).
2. B. W. Shore, K. Bergmann, A. Kuhn, S. Schiemann, J. Oreg and J. H. Eberly,

Phys. Rev. A 45, p. 5297 (1992).
3. N. V. Vitanov, T. Halfmann, B. W. Shore and K. Bergmann, Ann. Rev. Phys.

Chem. 52, 763 (2001).

49

Poster No. 5



CHARACTERIZATION OF LASER COOLED AND TRAPPED 
ERBIUM ATOMS 
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Gaithersburg, MD 20852, USA
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Owing to their unique electronic structure, rare-earth (lanthanide) elements 

exhibit unique optical properties particularly as solid-state laser materials. Even 

in free space, however, these elements exhibit rich, interesting dynamics, as 

seen in the recent demonstration of erbium magneto-optical trapping [J. J. 

McClelland and J. L. Hanssen, Phys. Rev. Lett. 96, 14 (2006)]. Among its 

interesting properties, Er has a variety of accessible spectroscopic lines, 

including a broad ( 36 MHz ) 401 nm line, a narrow ( 8 kHz ) 841 

nm line, and an ultra-narrow ( 2.1 Hz ), telecom-band 1299 nm line; it has 

naturally abundant bosonic and fermionic isotopes; furthermore, Er has high 

angular momentum ( ) and a large magnetic moment (7 6J B) in the ground 

state, making it amenable to sub-Doppler laser cooling and magnetic trapping. 

In this poster, we present our latest cooling and trapping results in this exciting 

new system. In particular, we demonstrate sub-Doppler MOT temperatures as 

low as 100 K and magnetically trapped sample temperatures as low as 30 K.

Future prospects and challenges for our experiment are discussed. 

B
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Progress Towards a Measurement of the Electric Dipole

Moment of the Electron Using PbO*

S. Bickman, P. Hamilton, Y. Jiang, A. Vutha, D. DeMille
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S. Bickman
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We have proposed and begun implementing an experiment to look for an elec-
tric dipole moment (EDM) of the electron using the metastable a(1) 3Σ+ state
of the PbO molecule. A non-zero measurement of de within the next few or-
ders of magnitude beyond the current limit of |de| < 1.6× 10−27 e-cm1 would
be clear evidence for physics beyond the standard model. We will present re-
cent results from and improvements to our experiment including a proof of
principle for the experiment, recent data on the initial state preparation using
simulated microwave Raman transitions, revised estimates of sensitivity to de

based on the current experimental configuration, and progress towards data on
an improved limit on de.

We are grateful for the support of NSF Grant No. PHY0244927.

Keywords: Electric dipole moment, electron, PbO
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GRAVITATIONAL PHYSICS WITH ATOM 
INTERFEROMETRY  

GRANT BIEDERMANN, LOUIS DESLAURIERS, JASON HOGAN, DAVID 
JOHNSON, CHETAN MAHADESWARASWAMY, SEAN ROY, JOHN STOCKTON, 

KEN TAKASE, XINAN WU AND MARK KASEVICH 

Physics Department, Stanford University, Stanford, CA  94305

.

Recent measurements of Newton’s constant G (1) and the development of high-accuracy 
gyroscopes (2) based on light-pulse atom interferometric methods indicate that next 
generation atom interferometric sensors show promise for competitive measurements of 
G, tests of  the inverse square law, tests of the Equivalence Principle, and perhaps 
ground-based observation of post-Newtonian contributions to the metric (3).

In this work, we describe progress towards development of next generation atom 
interferometric sensors (shown in Fig. 1)  for these measurements.  Fig. 1a shows the 
apparatus under development for tests of the Equivalence Principle.  This apparatus will 
compare the free-fall rates of evaporatively cooled Rb isotopes with the aim of achieving 
a 1 part in 1015 limit on the Equivalence Principle.  Wavepackets will separate by more 
than 1 m during the interferometer interrogation sequence.  Fig. 1b illustrates sensors 
under development to measure G with a precision approaching 10 ppm and to search for 
Yukawa-type deviations from the inverse-square law.  Unlike previous measurements,.
this apparatus uses a horizontal configuration for the Raman interrogation beams in order 
suppress possible systematic effects associated with source mass positioning.  Novel 
detection methods have been developed to achieve the very high SNR levels required for 
these science goals (4).

                

2

Fig.1 (a).  Apparatus for tests of the Equivalence Principle and General Relativity. (b) 
Apparatus for measuring G and testing the inverse square law. 
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Zero-Down-Time Operation of Interleaved Atomic Clocks
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Atom interferometers have demonstrated outstanding performance in

sensing inertial and gravitational forces,1–3 as well as unparalleled accu-

racy in the field of time-keeping.4–6 Most of these atom interferometers

suffer from nonuniform coverage of the time axis due to discrete sampling.

Consequently, phase noise in the reference oscillator results in an intermod-

ulation error known as the Dick effect.7 We demonstrate a zero-down-time

(ZDT) technique for eliminating the Dick effect in an atomic fountain clock

by using a pair of clocks to alternately monitor a common local oscillator

(LO) in a relay manner.

In our experiment, we operate two independent, compact Cesium foun-

tain clocks by driving a microwave π/2 − π/2 Ramsey sequence on the

|F = 3, mF = 0〉 → |F = 4, mF = 0〉 clock transition with an interrogation

time of T = 215 msec. The two clocks are interleaved in time such that the

first (second) π/2-pulse for one clock and the second (first) π/2-pulse for

the other are simultaneously driven by the same LO.

We show that operation in ZDT mode with a noisy LO reduces cumu-

lative phase errors due to the Dick effect over the use of a single clock. To

demonstrate this, we add 300 mrad rms phase noise to the LO, which re-

sults in a random walk of the accrued phase error for each individual clock

at a rate of ∼ 0.5 rad/s1/2. On the other hand, the ZDT output, given by

the sum of the two clock outputs, exhibits 0.55 rad rms accumulated phase

fluctuations over 200 s in contrast to 7.42 rad rms for each individual clock

(see Fig. 1).

We also demonstrate a 1/τ slope for the Allan deviation of the ZDT

output, which is characteristic of the added phase noise. In contrast, phase

fluctuations for a single clock average down as white frequency noise with a

scaling of 1/τ1/2. Therefore, the ZDT approach is advantageous for clocks
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Fig. 1. Cumulative phase accrual of the two independent clocks demonstrating
the perceived phase drift of the noisy LO due to incomplete sampling of the
phase noise. The sum of the two clocks represents the ZDT quantity which largely
removes the random walk drift. The phase accrual of a beatnote between the noisy
LO and the master LO closely follows the ZDT.

dominated by phase noise in the LO.

Finally, we present a scheme for applying this ZDT technique to atom

interferometer-based inertial sensors for continuous velocity measurements.
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Ground-state cooling and reversible state transfer in cavity QED
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A single, trapped atom within a high-finesse optical resonator is cooled to

the ground state of axial motion by way of resolved-sideband Raman cooling.
Separately, we have demonstrated the reversible mapping of a coherent state
of light to and from the hyperfine states of the atom, a significant step towards

cavity-QED based quantum networks.

1. Cooling to the ground state of axial motion

Single atoms strongly coupled to the fields of optical cavities offer a promis-
ing setting for protocols in quantum information science.1,2 Following re-
cent achievements for trapped ions3 and atoms in optical lattices,4 in which
cooling to the ground state of motion has been an enabling step towards
quantum control, we demonstrate localization to the ground state of axial
motion for a single, trapped Cesium atom strongly coupled to the field of
a high-finesse optical resonator.5

We drive coherent Raman transitions on the red vibrational sideband
of the atom in order to cool its motion along the cavity axis. We employ
an efficient state detection scheme in order to record the Raman spectrum,
from which the resulting state of atomic motion is inferred. We find that
the lowest vibrational level of the axial potential with zero-point energy
�ωa/2kB = 13 μK is occupied with probability P0 � 0.95.

2. Mapping quantum states between light and matter

One important goal in quantum information science is the realization of
quantum networks, in which atomic internal states with long coherence
times serve as ‘stationary’ qubits at nodes for local storage and manipula-
tion, while optical fibers transport photons (‘flying’ qubits) over long dis-
tances between nodes.2 In order to transfer quantum information between

2

stationary and flying qubits, quantum network protocols require the capa-
bility for reversible mapping of quantum states between light and matter.
Although several groups have demonstrated single-photon generation,6–9

i.e. mapping from matter to light, no experiment has yet explicitly verified
the reversibility of either the emission or the absorption process.

We report a significant advance toward the realization of quantum net-
works by demonstrating the reversible mapping of a coherent optical field to
and from the hyperfine ground states of a single, trapped Cesium atom.10

We make use of a STIRAP process recently adapted to quantum fields
in a high-finesse optical cavity.6 By adiabatically ramping on a classical
field driving a single atom coupled to the cavity, a single photon can be
coherently deposited into the cavity mode and thence emitted as a freely
propagating pulse.2,6–8 Moreover, by ramping the classical field off, the
state of an incident light pulse can be mapped back onto the atom.

We inject a coherent state of light with mean photon number n̄ � 1.1
into the cavity and map it to a coherent superposition of F = 3 and F = 4
ground states with transfer efficiency 0.057; we then map the stored atomic
state back to a field state. We verify the reversibility of the mapping process
through interference between the final field state and a reference field that
is phase-coherent with the original state, observing a fringe visibility of
0.46 ± 0.03.
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Coherence properties of a Bose gas at the Bose-Einstein phase

transition
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ETH Zurich, Institute for Quantum Electronics

CH-8093, Zurich, Switzerland
∗E-mail: thomas.bourdel@insitutoptique.fr

We probe the coherence properties of a Rubidium atomic cloud by monitoring

the interferences between two atomic beams extracted at different locations.
The atomic flux is detected with single atom resolution using a high finesse
optical cavity.1 Our experiment lies in the novel field of quantum atom op-
tics, where correlations between atoms can be measured. Varying the distance
between the output coupling regions allows us to precisely measure the first
order correlation function of the cloud. We have observed the divergence of
the correlation length in the critical regime, where phase fluctuations play a
crucial role.2 We have also investigated the formation of long range order as a
non equilibrium cloud thermalizes and thereby crosses the phase transition.3

We can now transport the condensate into the high finesse cavity and explore
this new strongly coupled quantum system.
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COLD ATOM CLOCKS IN SPACE:
THE ACES MISSION CONCEPT AND STATUS
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Atomic Clock Ensemble in Space (ACES)1,2 is an ESA mission in fun-

damental physics based on the performances of a new generation of atomic

clocks operated in the microgravity environment of the International Space

Station (ISS).

The heart of the ACES system is represented by two space clocks: the

primary frequency standard PHARAO, based on laser cooled samples of Cs

atoms, and the active hydrogen maser SHM. The good short-term perfor-

mances of SHM are combined to the long-term stability and accuracy of the

PHARAO clock to generate the on-board ACES time scale. The frequency

reference delivered by ACES will reach fractional frequency instability and

inaccuracy of few parts in 1016. Distributed on ground by a time and fre-

quency link in the microwave domain (MWL), the ACES clock signal will

be used for the comparison of distant clocks, both space-to-ground and

ground-to-ground. Based on these comparisons, ACES will perform tests of

Einstein’s theory of general relativity including an accurate measurement

of the Einstein’s gravitational red-shift, a search for time variations of fun-

damental constants, and tests of the Standard Model Extension (SME).

The planned mission duration is 18 months. During the first 6 months,

the performances of SHM and PHARAO will be established. Thanks to the

microgravity environment, the linewidth of the atomic resonance will be

varied by two orders of magnitude (from 11 Hz to 110 mHz) and the 10−16

stability and accuracy level reached. In the second part of the mission,

2

the onboard clocks will be compared to a number of ground-based clocks

operating both in the microwave and the optical domain.

The engineering models of the ACES clocks have been completed and are

presently under test. The PHARAO clock, when driven in combination to

a cryogenic sapphire oscillator, reaches a fractional frequency instability of

2.3·10−13 at 1 s. The space hydrogen maser SHM, has already demonstrated

an Allan deviation down to 1.5 · 10−15 after 104 s of integration time.

Status, scientific objectives, and concept of the ACES mission will be

presented and discussed in detail.
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PRECISE DETERMINATION OF h/m Rb  USING BLOCH 
OSCILLATIONS AND ATOMIC INTERFEROMETRY 
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We determine accurately the ratio h/mRb from the measurement of the recoil 
velocity vr= k/mRb of a Rubidium atom absorbing or emitting a photon,  
combined with an accurate knowledge of the photon wavelength  =2 /k. From  
h/mRb we deduce a precise value of the fine structure constant 

Rbe

Rb

m
h

m
m

c
R22

The key idea to precisely determine the recoil velocity,  is to transfer to the 
atoms as many recoils as possible and to measure their velocity variation. For 
this purpose we start selecting  from an ultracold Rb cloud a very narrow atomic 
velocity class of width vr/50. This selection is performed using  a velocity 
sensitive stimulated Raman  pulse from  F=2, mF=0 to F=1, mF=0 ground 
hyperfine states. Next, we transfer  coherently to the selected atoms up to 1000 
recoil velocities by means of Bloch oscillations with 99.95% transfer efficiency 
per oscillation. Finally, we measure the final atomic velocity distribution by 
scanning the frequency of a second Raman  pulse from F=1 back to F=2 state. 
We  point the central velocity with an uncertainty of  vr/10000. Adding several 
refinements to this basic protocol, in 2005 we did a precise measurement of  
h/mRb 1  with a relative statistical uncertainty of 8.8·10-9. From a detailed 
analysis of the systematics, our deduced value of the fine structure constant was 
1/ =137.03599884(91)[6.7·10-9]. This value is in good agreement with the 
CODATA 2002 recommended value for 2 .

Recently, we have implemented an improved version of this experiment 
which takes advantage of Ramsey spectroscopy. We use an atomic 
interferometer consisting in two pairs of  /2 pulses which put the atom in a 
superposition of sixteen trajectories. Interference takes place when the spacing 
TR between the  /2 pulses of each pair is equal (see Figure 1a) and Ramsey 
fringes are observed.  The frequency resolution is now determined by the time 
within each pair of pulses (TR) while the duration of each /2 determines the 

2

spectral width of the pulses. Hence, more atoms can contribute to the signal 
without sacrificing resolution. 

In our interferometer all effective Ramsey k-wavevectors point in the same 
direction. The measurement then takes place by inserting  as many Bloch 
oscillations  as possible between the two sets of  /2 pulses. We measure the 
recoil frequency by precisely locating the center of the zero-order Ramsey fringe 
of the interferometer. Figure 1b shows  a fringe patern taken in 5 minutes with 3 
ms between the /2 pulses and 700 Bloch oscillations.

In the experiment, both Ramsey and Bloch beams are aligned along gravity. 
To get rid of the contribution of gravity to the determination of  h/mRb  we take 
alternate measurements of two conjugate  inteferometers (see Figure 1a) created 
by reversing the direction of the Bloch acceleration. Furthermore, a second pair 
of interferometers is created by reversing the direction of  all the /2 momentum 
impulses. This reversal helps cancelling many spatially dependant systematic 
effects, as light shifts or second order Zeeman shifts. 

Figure1. a) Double Ramsey interferometer to measure h/mRb. We show the interfering trajectories for 
the up and down directions of the Bloch acceleration. b) Fringe pattern  of the interferometer.   

Following this procedure we have recently performed a  measurement of the 
ratio h/mRb  which has lead to a new determination of the fine structure constant 

.  We have carefully studied the systematic errors  in this experiment.  A 
detailed explanation and discussion will be presented in the poster. 
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Optical-frequency-comb assisted measurements of atomic
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Quantum-Electro-Dynamics (QED) theory of multielectron-bounded
systems has quickly grown in the last decades due to the steep progress in
computational facilities to perform detailed calculations.1–3 Accurate tests
of these results can be done by comparison with experimental measure-
ments.4–7 Among these systems, perhaps the most accurately and largely
studied is the simplest one: Helium atom. For a full exploitation of both
experiment and theoretical data, it is important that he two have a similar
degree of accuracy. Fine structure constant can be determined by compar-
ison of measurements and theoretical calculations of the 23P fine structure
splittings.2,5,6 Isotope shift measurements can determine the nuclear charge
radius difference between He isotopes.3,7 The strong hyperfine coupling of
non-zero nuclear spin He isotopes (as 3He) can be measured from hyper-
fine structure spectroscopy.7 Larger Lamb-shift contributions can be de-
termined by absolute frequency measurements of visible-near IR He tran-
sitions.1,4 On the experimental side, the precision and accuracy of these
spectroscopic measurements can be largely improved thanks to the Opti-
cal Frequency Comb Synthesizers (OFCS), as we have demonstrated for
the 23S1 →23P0,1,2 transitions at 1083 nm. This approach can be easily
extended to other visible-near IR He transitions where the OFCS operates.

Here, we present an improved apparatus for precise and accurate He
spectroscopy at 1083 nm. Basically, two diode lasers, phase-locked to the

2

nearest teeth of a fiber-OFCS, simultaneously probe two different He tran-
sitions. Scanning the OFCS repetition rate allowed us to directly measure
the absolute frequency of the 1083 nm transitions and the frequency dif-
ferences between them, with the accuracy of the GPS disciplined-quartz
master oscillator of the OFCS. Moreover, in the frequency differences com-
mon systematics is cancelled, providing the possibility to measure small
frequency shifts. We plan to use this system to study collisional shifts in
BEC and ultracold degenerate He gases.
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Cancellation of the collisional shift in caesium fountain clocks
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A limiting factor for the accuracy of fountain clocks1 are the collisions
between the atoms, in particular for caesium, where the collision rate coef-
ficients are large and in addition strongly depend on the collision energy.2

A typical Cs fountain standard operates with atoms cooled down to 1–
2μK at the time of launch. As the cloud expands during its ballistic flight,
correlations build up between atomic position and velocity. In particular for
atoms initially trapped in a small cloud (like in a MOT) very low effective
collision energies can be reached even before the first Ramsey interaction3

(Fig. 1a). At low energies the collision rate coefficients for the clock states
|F = 3, mF = 0〉 and |F = 4, mF = 0〉 differ in sign, which gives rise to a
strong variation of the collisional shift if the relative weights of the clock
states in the superposition state prepared during the first Ramsey interac-
tion are varied.

Our experiments were performed on two independent primary stan-
dards: NPL-CsF1 at National Physical Laboratory and PTB-CSF1 at
Physikalisch-Technische Bundesanstalt.4 The fraction of the population in
a given clock state (e.g., |4, 0〉) was changed by adjusting the amplitude of
the microwave field in the Ramsey cavity. The collisional frequency shift
for atoms captured in a MOT varies linearly with the population fraction
(Fig. 1b).

2

The collisional frequency shift is cancelled for a 30–40% fraction of |4, 0〉
atoms, which can be achieved experimentally with only a minor reduction of
the fringe contrast and short-term stability of the fountain frequency stan-
dard. Our observations provide direct proof of the temperature-dependent
model of the frequency shift developed in Ref. 2. Moreover, the possibil-
ity of cancelling the collisional shift may improve the effective short-term
stability of a fountain standard and significantly shorten its averaging time.
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Fig. 1. (a) Evolution of the local energy during the ballistic flight for an initial tem-
perature of 1 μK and initial cloud sizes of 1mm (solid line) and 5mm (dotted line). (b)
Measurement of the collisional frequency shift in PTB-CSF1 as a function of population
fraction in |4, 0〉 during the Ramsey time.

Typically, primary fountain frequency standards are tested at nπ/2 mi-
crowave pulse area (n an odd integer) to check for potential frequency shifts
due to, e.g., microwave leakage or cavity phase gradients. Usually the pulse
area is adjusted to these values by maximizing the contrast of the central
Ramsey fringe. We have experimentally demonstrated that in this case the
clock state composition (and therefore the collisional shift) depends on n, if
the average microwave power seen by the expanding atom cloud is different
during the first and the second transition through the Ramsey cavity. The
resulting strong collision-induced n-dependence of the output frequency can
mask any potential effects due to leakage or cavity phase gradients.5
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CORRELATED TUNNELLING OF INTERACTING               
ATOM PAIRS IN AN OPTICAL LATTICE OF DOUBLE WELLS*
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We study quantum mechanical tunneling of interacting atoms through a potential barrier 
in a lattice of double well potentials. For strong inter-atomic repulsion, an intriguing 
regime occurs for which independent tunneling of atoms is suppressed whereas correlated 
tunneling of atom pairs becomes the dominant tunneling process. We present the first 
direct measurement of such correlated tunneling events in cold quantum gases. 

1.   Introduction 

The interplay between interaction energy and kinetic energy is the main 
parameter determining the ground state in strongly correlated systems of ultra-
cold atoms in optical lattices. The simplest realization of such a system is a 
double well potential loaded with two interacting atoms. When the interaction 
dominates, independent tunnelling of atoms is suppressed due to energy 
conservation. However, a second order tunnelling process [1], leading to a 
correlated tunnelling of both atoms is still resonant and becomes the dominant 
tunnelling process. 

2.   Experimental setup 

To investigate second order tunnelling processes, we load an 87Rb Bose-
Einstein condensate into a 3D lattice of double wells, containing each one or 
two atoms. We obtain the lattice of double wells on one axis by superposition of 
two standing waves with wavelengths of 765 nm and 1530 nm, with controlled 
relative phase. The dynamical control of the relative phase allows for a 
patterned loading of the atoms to one side of the double wells, before they are 
allowed to tunnel by lowering the short lattice power. 

* This work is supported by the DFG, and the EU under the project MC-EXT QUASICOMBS. 

2

3.   Experimental results 

We will present different results obtained with this setup. We present the 
first direct measurements of the full dynamics for single atoms as well as atom 
pairs in such a quantum mechanical junction. Tuning the tunnel matrix element 
J, we observe the crossover from the independently tunnelling regime to the 
interaction-dominated regime. By applying a controlled energy bias between the 
two wells (Figure 1), we could also bring the first order tunnelling process back 
to resonance for the two atom case, resulting in a conditional tunnelling. These 
results show the level of control achievable with our setup, which enables to 
engineer complex many-body systems. Adding the spin degree of freedom 
allows studying new phenomenon like spin exchange processes [2], for which 
we are getting the first results. 

Figure 1. Tunneling amplitudes, for one and two atoms per junction, plotted as a function of an 
applied potential bias between the two wells. For one atom per junction (in black), any bias 
suppresses tunneling. For two atoms per junction, we find a correlated tunneling of atom pairs (in 
dashed red) in the unbiased case, and a conditional tunneling (in blue) of one atom, only in the 
presence of a second, when the bias is equal to the interaction energy. 
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We report the construction of a train of single cycle optical pulses with a constant carrier 

envelope phase from a nanosecond pulse that consists of a commensurate frequency 

comb of Stokes and anti-Stokes radiation generated by coherent modulation of room 

temperature H2.  Each single cycle pulse is 1.6 fs wide.  The pulses are spaced by 8 fs 

apart in the pulse train. 

Harris et. al. showed that molecular modulation is a viable approach to 

generating subfemstosecond pulses.  In molecular modulation, the coherence of 

a molecule is driven with two intense laser beams to its maximum value.  The 

strongly driven molecular coherence in turn modulates the incident laser 

frequency to produce a broad spectrum constituting many sidebands.[1]  Then 

by carefully adjusting the phases of the components of this spectrum, a train of 

short laser pulses can be produced.  A four-wave mixing cross-correlation 

scheme can be used to determine the temporal width of these pulses.[2]  

With the help of two independently tunable pulse-amplified single-mode 

lasers, we have succeeded in generating in room temperature H2 collinearly 

propagating Raman sidebands that have wavelengths that range from 1203 nm 

in the infrared to deep in the vacuum ultraviolet.  The frequencies covered by 

these sidebands span over 4 octaves for a total of more than 70000 cm
-1

 in the 

optical region of the spectrum.[3]  We have carefully chosen the incident laser 

frequencies such that the generated spectrum of sidebands is commensurate.  

That is, the frequency n of the n
th

 sideband is an integral multiple of the 

modulating frequency m.  This commensurate spectrum then leads to the 

construction of ultrashort pulses with a constant carrier envelope phase (CEP). 

                                                            
*
 akung@pub.iams.sinica.edu.tw 

2

Taking a subset of the generated sidebands, from 1203 nm to 344 nm and phase 

adjusting each sideband to correct for frequency dependent phase shifts that 

result from propagation through a dispersive medium, we have constructed a 

train of single-cycle constant CEP pulses.  Each pulse has a single-cycle electric 

field half-width of about 0.5 fs and an envelope FWHM of 1.6 fs.  The 

successful construction of the pulses is demonstrated by cross-correlation 

measurements using four-wave mixing in Xe that was employed by Shverdin[2].  

Figure 1 shows the measured correlation signal as a function of time delay.  

Also shown is the simulated signal for pulses that has a constant CEP.  Every 

waveform in the correlation is identical to the adjacent waveform.  This is the 

signature for constant CEP pulses.  For comparison, in figure 2 we show the 

measured and simulated cross-correlation signal from an incommensurate 

varying CEP pulse train obtained by deliberately changing the incident 

frequencies away from the commensurate condition.   

These results represent the first single cycle pulses with a constant CEP 

produced in the optical region of the spectrum.  By incorporating more 

sidebands from our spectrum, it will be possible to produce optical pulses in the 

attosecond or subfemtosecond time regime with this approach. 
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Multicomponet spinor atom laser generated by controllable

Majorana transition

Xuzong Chen∗, Lin Xia, Xu Xu, Fan Yang, Wei Xiong, Juntao Li, Qianli Ma, Xiaoji

Zhou and Hong Guo

School of Electronics Engineering and Computer Science, Peking University,
Beijing 100871, Peoples Republic of China

∗E-mail: xuzongchen@pku.edu.cn
http://www.iqe.pku.edu.cn

Multicomponent spinor of Rubidium atom laser is generated by the control-
lable Majorana transition in QUIC trap. Controllable Majorana transition in
spinor BEC system has been realized by altering the rotation frequency of the
magnetic filed’s direction. The population of spinor states can be conveniently
manipulated by adjusting the turn-off time of the trap coils in experiment,
which provides a new tool to manipulate quantum states. We demonstrate
that the experiment results are agreed with the theoretical predication.

Keywords: Majorana Transition; Quantum Manipulation; Spinor BEC.

1. Introduction

Recent years, with the progress of research on atom lasers, the atom laser
has been used to investigate the properties of Bose-Einstein condensates
and to measure the gravitation with high precision. Majorana transition
was first studied in 1932 by Majorana.1Some recent experiments did show
the effects of Majorana transition, which are qualitatively observed.2 We
use Majorana transition to control the quantum state of atom lasers, where
the order parameter is a vector rather than a scalar in common atom lasers.

2. Experiments and Analysis

We get samples of condensates in a compact low power quadrupole-Ioffe-
configuration (QUIC) trap.3 We obtain atom lasers by producing pulsed
atom laser with short rf radiation. The total number of atoms prepared in
mF = 0 state are about 4× 104. After the mF = 0 atom laser is generated
and falls down for 2 ms, the nonsynchronous process of the magnetic field

2

happens. The atom laser pulse will experience the reversion of the mag-
netic field’s direction and the multicomponent spinor atom laser is gener-
ated [Fig.1(a)]. We can manipulate the distribution of the population by
adjusting τi the switch-off time of Ioffe coil.

The experiments results of directly manipulating the quantum state of
BEC is shown in Fig.1(b). The transition process is identical to that in Fig.
1(a).

(a) (b)

Fig. 1. (a)Generation of multicomponent spinor atom laser by Majorana transition:
The mF = 0 spinor state is prepared by producing pulsed atom laser with rf radiation.
We can manipulate the distribution of the population by adjusting the switch-off time
of Ioffe coil. The population distributions obtained from the analytical expression are
shown in the bar charts. (b)Observation of different components of BEC after Majorana
transition vs the turn-off time of Ioffe coil: The atoms are initially prepared in |F = 2,
mF = 2〉 state.
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APPROACHING THE HEISENBERG LIMIT IN AN ATOM LASER
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We present experimental results showing the decreased divergence and improved spatial profile produced by Raman

outcoupling an atom laser beam in comparison with RF outcoupling, We present a theoretical model to compare with

the experimental results and find excellent agreement. The model predicts a limit to the beam quality of a Raman

atom laser that is a factor of 1.3 above the fundamental (Heisenberg) limit.

Atom laser beams show great potential for use in studies of fundamental physics and in high precision

measurements [1]. To fulfill this potential, it will be important to produce atom lasers that are

diffraction limited, just as it was important for optical beams. A number of experimental works have

shown that the beam quality of an atom laser is strongly affected by the interaction of the outcoupled

atoms with the BEC from which it is produced [2-5]. As the atoms fall through the condensate, the

repulsive interaction acts as a diverging lens to the outcoupled atoms. This leads to a divergence in the

atom laser beam and a poor quality transverse beam profile. Such behavior may cause problems in, for

example, mode matching an atom laser beam to a local oscillator in a precision measurement.

Experiments on atom lasers in waveguides have produced beams with improved spatial profile [6],

however, precision measurements with atom interferometry are likely to require propagation in free

space.

In a recent Letter, it was shown that the quality of a free space atom laser is improved by

outcoupling from the base of the condensate [2]. Our scheme enables the production of a high quality

atom laser while outcoupling from the center of the condensate. This is desirable for a number of

reasons. Outcoupling from the center allows the highest possible output flux for a given outcoupling

rate and hence a lower classical noise level [7]. Outcoupling from the center allows the longest

operating time (for a quasicontinuous atom laser) since the condensate can be drained completely.

Outcoupling from the center minimizes the sensitivity of the output coupling to condensate excitations

or external fluctuations.

In a recent Letter, we reported a continuously outcoupled atom laser where the output-coupler is a

coherent multi-photon Raman transition [8]. In this scheme, the atoms receive a momentum kick from

the absorption and emission of photons. They leave the condensate more quickly, so that adverse

effects due to the mean-field repulsion from the condensate are reduced [9]. In the work presented here,

we report a two-fold improvement in the beam quality M
2
over RF outcoupling. We have calculated the

theoretical M
2
of the atom laser and find, that as the kick increases, the beam quality improves, and the

quality asymptotes to that of a beam that does not interact with the condensate. The transverse velocity

spread of the atom laser is equal to that of the condensate. We calculate this limit to be M
2
= 1.3 for our

conditions, using the condensate wavefunction which is calculated numerically. We check this by

propagating the atom laser using a kick sufficiently large that the mean field component of the

transverse velocity spread is negligible. The limit of M
2
= 1.3 is greater than the Heisenberg limit, M

2
=

1, because the BEC, which is the source of the atom laser, is not a minimum uncertainty state due to

the repulsive interactions between the atoms.

Sequence of atom laser beams showing the improved beam profile of a Raman atom laser. The atom laser beams were produced

using RF (a) and Raman (b and c) transitions. The angle between the Raman beams was 30 degrees in (b) and 140 degrees in (c),

corresponding to a kick of 0.3~cm/s and 1.1~cm/s respectively. Below: Comparison of experimental (dashed) and theoretical

(solid) beam profiles 500 microns below the BEC. The height of each theoretical curve has been scaled to match experimental

data.
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SINGLE ATOM AND BEC DETECTION ON A MICROCHIP
WITH AN INTEGRATED OPTICAL MICRORESONATOR
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We report on experiments where we couple atoms to the mode of a

miniaturized optical Fabry-Perot cavity integrated on an atom chip. The

cavity is formed by two optical fiber facets and lies 150μm below the surface

of the atom chip. It is 39μm long, has mode waist w0 = 3.9μm and a

finesse F = 36000. The small volume of the cavity mode leads to a very

high atom-photon coupling rate g0 = 2π × 213MHz, which exceeds both

the cavity decay rate κ = 2π × 53MHz and the atom spontaneous emission
rate γ = 2π × 3MHz. The cooperativy parameter C0 = g2/(2κγ), which

is often used to caracterize the atom-field coupling strength, reaches the

remarkably high value of 140.

This strong coupling makes it possible to detect single 87Rb atoms

passing through the cavity mode, as shown in Fig. 1. In this experiment

a T < 1μK atomic cloud is trapped 1.25mm away from the cavity and

then released into a magnetic waveguide crossing the cavity mode. We also

demonstrate the preparation and the detection of atomic samples trapped

inside the cavity, with a mean atom number of a few units.

In a second series of experiments we observe the collective coupling of

N Bose-condensed atoms with the cavity mode. The energies of the cou-

pled atoms-photon eigenmodes are splitted by the vacuum Rabi frequency

2g = 2
√

Ng0, as is shown on Fig. 2 where the number of trapped atoms is

varied. Using a red-detuned dipole beam that is resonant with the cavity

mode, we also show that the high confinement and the precise positionning

2

provided by the atom chip allows to resolve individual anti-nodes of the

dipole standing wave, and to tune the coupling of the atoms to the cavity.
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Fig. 1. Optical transmission of the cavity showing transits of single atoms magnetically
guided on the atom chip.
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NEAR-IR FREQUENCY COMB TO CHARACTERIZE SUB-DOPPLER 
SPECTROSCOPY OF ACETYLENE-FILLED OPTICAL FIBERS

KRISTAN L. CORWIN†, KEVIN KNABE, RAJESH THAPA, KARL TILLMAN, ANDREW 

JONES, AND BRIAN R. WASHBURN  

Department of Physics, Kansas State University, 116 Cardwell Hall 
Manhattan, KS 66503, USA 

JEFFREY W. NICHOLSON AND MAN F. YAN 

OFS Laboratories, 19 Schoolhouse Rd., Somerset NJ 08873, USA 

We have stabilized a near-infrared frequency comb based on a Cr:forsterite laser with prisms for 

dispersion compensation.  This comb exhibits a narrower carrier-envelope frequency beatnote than a 

previously published result in a chirped-mirror Cr:forsterite laser.  In addition, we report on recent 

efforts to create portable sub-Doppler frequency references based on acetylene-filled hollow 

photonic bandgap fiber.  We have developed a novel technique for simplifying the spectroscopy 

inside these fibers, called the “reflected pump” technique.   

1 Cr:forsterite laser 

Optical frequency combs are typically based on Ti:sapphire lasers, but near-infrared 

frequency combs are particularly useful for measurements in the telecommunications 

bands.  Cr:forsterite lasers based on chirped-mirror dispersion compensation have 

previously been stabilized, using the self-referencing technique [1].  In that case, the 

carrier-envelope offset beatnote (f0) was observed to be ~6 MHz.  In contrast, in our 

prism-based laser we observe significantly narrower widths (~1.5 MHz), although the 

pump lasers in the two cases are nearly identical.  Possible explanations will be explored.  

Furthermore, the laser has been stabilized using feedback to both the pump power and 

the prism insertion.  The comb will be stabilized to synthesizers that are in turn 

referenced to a GPS-disciplined Rb clock.  Then, it will be compared to laser frequencies 

that are stabilized to the sub-Doppler spectra described below [2], in order to characterize 

the stability of these novel frequency references. 

2 Fiber-based acetylene spectroscopy  

We will use this comb to characterize optical frequency references based on acetylene-

filled hollow photonic bandgap optical fibers [2].  The technique involves pump-probe 

spectroscopy with two counter-propagating beams.  When this spectroscopy is performed 
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No. FA9550-05-1-0304. 
† Dr. Corwin’s E-mail address is corwin@phys.ksu.edu. 

2

inside a hollow photonic bandgap fiber that is spliced to a solid-core fiber, the reflections 

from the splice can create interference fringes that degrade the signal.  However, as 

shown in Fig. 1 below, we have exploited that reflection to create the probe beam, thus 

simplifying the spectroscopic technique considerably.  We compare the resulting signals 

from the simplified “reflected pump” technique to those of more conventional methods.  

Furthermore, we have used rf modulation techniques to peak-lock a diode laser to the 

sub-Doppler feature [3].   
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Figure 1.  a) Schematic of the “reflected pump” technique for saturated absorption inside photonic bandgap 

fiber.  The output of a tunable diode laser is amplified by an EDFA, passes through an isolator and non-

polarizing beamsplitter, and is coupled through a window into a photonic bandgap (PBG) fiber with a core 

diameter of 20 m.  The end of the PBG fiber is inside the vacuum chamber (VC), and can be evacuated to less 

than 1 mTorr.  The VC and PBG fiber are then filled to between 100 and 1000 mTorr.  The saturated absorption 

spectra are viewed as a voltage on the photodetector (PD).   

Next, we will make measurements of the locked diode laser frequency using the 

stabilized comb.  The long-term and short-term stability of the lock will be assessed.   
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INTERACTIONS OF SPINOR MATTER-WAVE GAP
SOLITONS
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We consider the interaction of spinor gap solitons in a Rb87 Bose-Einstein con-
densate. We demonstrate that by controlling the phase and relative amplitude
of different spin components soliton switching and guiding may be achieved,
and even a complete transformation of the output spin state.

Keywords: Spinor Bose-Einstein condensates; Gap solitons; Soliton interactions

Collisions between vector (composite) solitons are known from optics to
possess unique features, including the emergence of different solitons after
the collision process and energy exchange between components during the
collision [1]. However, past studies have only considered lattice-free solitons.
In Bose-Einstein condensates solitons in a lattice and multicomponent con-
densates bring new physics at different levels. Solitons existing solely due
to the lattice, known as gap solitons, are an important class of solutions
which can be localized and mobile even when the interparticle interaction
is repulsive. Multicomponent condensates come in a number of guises, but
perhaps the most intriguing and physically complex are the multicompo-
nent spinor condensates, in which a number of spin hyperfine components
are populated and atoms are free to change their spin nature through a
parametric conversion between spin states.

In this work we show that the interaction of spinor gap solitons display
a myriad of effects in which ultimately the direction and spin state after the
collision can be controlled by the input state. We demonstrate matter-wave
switching behaviour, conversion between ferromagnetic and antiferromag-

2

netic solitons and “shepherding” of weaker components by dominant com-
ponents. Underlying all these effects are the phase dependent conversion
processes and interactions between components.

Our analysis is conducted using the Gross-Pitaevskii formalism in the
semi-classical regime. We have shown previously that gap solitons in a Rb87

condensate, localized by a balance of the nonlinearity and the modified
diffraction in the lattice, can be either ferromagnetic or antiferromagnetic in
character, despite the overall ferromagnetic nature of Rb87 [2]. We examine
here the variety of interactions which are possible with mobile gap solitons.
The dynamics of the interaction, including the energy exchange and direc-
tion of motion can be carefully controlled by modifying the relative phases
and amplitudes of the components. In this way fusion, repulsion or switch-
ing behaviour may be observed. As an example Fig. 1 demonstrates how
a dominant out-of-phase component induces an overall repulsion between
solitons, with some particle exchange occuring between the attractive com-
ponents before they are drawn apart. This interaction may actually change
the overall spin state of the final gap soliton, through a fusion of different
spin states. This process allows for the possibility of manipulating the spin
nature of a condensate without the need for external magnetic fields.
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Fig. 1. Interaction of two anti-ferromagnetic solitons, showing energy conversion be-
tween the Ψ±1 components and guiding by the Ψ0 component
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In our experiment we condense metastable helium (He*), typically reaching the transition 
temperature for Bose Einstein condensation (BEC) with around ten million atoms [1]. 
Recently, we have created a metastable atom laser by using radio frequency (RF) output 
coupling to create a matter wave beam from our condensate. In our experiment, the size 
of the condensate is large compared to the gravitational sag of the magnetic trap.  This is 
due to the relatively large s-wave scattering length for He* in combination with the tight 
confinement that is possible. For such a system RF output coupling leads to output 
coupling surfaces which are oblate spheres, rather than planes as is the case of previously 
studied atom lasers. This output coupling geometry leads to a `fountaining' effect, in 
which atoms output coupled above the trap centre experience an upward force.  Since the 
output coupling surface is symmetric around the centre of the magnetic trap, the result is 
that initially the output coupled atom cloud contains atoms going both upward and 
downward.  This creates unusual dynamics, in which some atoms `fountain' up and then 
drop back through the condensate.  The resulting transverse atom laser profiles exhibit a 
forbidden region for those atoms that have an initial upward velocity.  Since these atoms 
pass back through the condensate they feel an enormous mean field repulsion and are 
pushed off axis, creating a shadow in the atom laser beam. 

We image the transverse profile of the metastable atom laser beam using a micro-channel 
plate and phosphor screen detector located about 4 cm below our condensate.  The 
output beam is only well collimated and approximately Gaussian if the atoms are 
outcoupled from the very bottom of the BEC.  If the atoms are coupled out near the 
centre of the condensate they experience a repulsive force from the atoms in the BEC, 
resulting in large lensing and the appearance of “caustics” on the edge of the beam.  
Furthermore, a forbidden region is observed in the centre of the beam [2]. Fig. 1 shows 
an image of our atom laser beam outcoupled from the centre of the BEC.  

 
 
 

 2

 
 

Fig 1.  Transverse profile of a He* atom laser beam.  The atoms are output 
coupled from the centre of the condensate resulting in large lensing due to 
atom-atom interactions. Note the appearance of caustics near the edge of the 

beam and a forbidden region in the centre of the beam. 
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Recently a generalised two-mode theory of double-well BEC interferometry 

was developed [1] using the quantum principle of least action, and based on 

allowing for possible fragmentations of the original BEC into two modes - 

which may be localised in each well. Though restricted to small boson numbers, 

the theory gave self consistent coupled equations for the mode functions 

(generalised Gross Pitaevskii equations) and for the amplitudes (matrix 

equations) describing BEC fragmentation. The mode functions depend on the 

relative importance of the fragmentation amplitudes, which themselves depend 

on the mode functions. However, only intra-condensate bosonic interactions and 

dephasing processes were treated, and not decoherence processes associated 

with elementary collective excitations (Bogoliubov) and single boson excitations 

(thermal modes).  

In the present paper, a more complete theory of decoherence and dephasing 

effects in BEC interferometry is now developed for determining the quantum 

correlation functions [2] used in describing interferometric effects. A 

generalised phase space method mapping the density operator onto a distribution 

functional is used [3], with the highly occupied condensate modes described via 

a generalised Wigner representation (the bosons in condensate modes behave 

like a classical mean field), and the basically unoccupied non-condensate modes 

described via a positive P representation (these bosons should exhibit quantum 

effects). The functional Fokker-Planck equation (FFPE) for the distribution 

functional is based on the truncated Wigner approximation [3]. The FFPE are 

replaced by coupled Ito stochastic equations for condensate and non-condensate 

field functions, and contain deterministic and random noise terms. Stochastic 

averages of the field functions then give the quantum correlation functions.  
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ON-CHIP BOSE-EINSTEIN CONDENSATE INTERFEROMETER WITH 0.5 MM ARM 
LENGTH 
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 We demonstrate a chip-based Michelson interferometer for Bose-Einstein condensates in which a harmonic trap reflects the 
atoms.  The condensate is split by diffraction from momentary exposure to an off-resonant standing light field.  The two clouds
propagate in opposite directions along a waveguide having a weak (4 Hz) harmonic axial confinement.  The condensates reflect from 
the axial potential at classical turning points separated by about 1 mm. Upon returning to the trap center, the two clouds are 
recombined by a second exposure to the standing light field.  The resulting three clouds are allowed to remain in the guide for a brief 
time.  The atoms are then released from the guide and imaged after 15 ms of ballistic expansion. The total propagation time can be set 
to 120 or 240 ms.   
We investigate the conditions that maximize the interference signal by adjusting the phase overlap between the clouds. We show that 
inside each cloud, the phase stays relatively flat for durations of at least 240ms. At this point, external noise sources randomize the 
relative phase between the clouds and the phase scatters widely from shot to shot. In order to track the coherence of the recombined
atoms over large sets of data, we have implemented the Principal Component Analysis of a series of many images. This method does
not require any assumptions for the shape of the clouds and makes a rigorous treatment of small signals possible.    
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DEVELOPMENT OF A NUCLEAR MAGNETIC RESONANCE 
GYROSCOPE
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NIST Time and Frequency Division, 325 Broadway, Boulder, CO, USA

1.   Introduction 

Rotation can be sensed using a precision measurement of the Larmor precession 

of noble-gas nuclei [1]. The nuclei are polarized via spin-exchange optical 

pumping with spin-polarized Rubidium atoms, which are also used as a 

magnetometer to sense the noble-gas nuclear precession.  We are taking a new 

look at the feasibility of NMR Gyroscopes in light of recent developments in 

chip-scale atomic clocks [2], which rely on similar technologies. The hope is 

that NMR can be used together with micro-electro-mechanical systems 

technology to develop a high-performance gyroscope that can be miniaturized. 

2.   Experimental Results 

Various types of spectroscopic measurements of the spin-precession of 129Xe 

and 131Xe nuclei contained in a 1mm3 vapor cell have been performed. The 

fundamental sensitivity limits of the measurements have been studied. 

Measurements of the resonance linewidth versus temperature have yielded 

information about the wall interactions in the vapor cell. These and other 

measurements will be presented in detail. 
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HIGH-RESOLUTION SPECTROSCOPY

OF THE 88Sr+ ION CLOCK TRANSITION

P. DUBÉ∗, A. A. MADEJ, J. E. BERNARD, and A. D. SHINER
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We present recent results on the high-resolution spectroscopy of the 88Sr+ ion.
We have improved the linewidth of our probe laser system and have observed
5 Hz Fourier transform limited linewidths at 445 THz (resolution of 1×10−14)
on a Zeeman component of the 5s

2S1/2−4d
2D5/2 “clock” transition of 88Sr+.

Keywords: Ultra-stable laser, single-ion, optical frequency standard, high res-
olution spectroscopy, thermal expansion.

1. Introduction

An optical frequency standard can have very high stability compared to

a microwave clock because of the high frequency and narrow linewidth

of its reference transition. The quality factor, Q = ν0/Δν, of an optical

reference transition based on either trapped single ions or lattices of spa-

tially confined neutral atoms is typically 1014 or higher. For example, the

5s 2S1/2 − 4d 2D5/2 transition of 88Sr+ has a linewidth of Δν = 0.4 Hz at

ν0 = 445 THz, which provides a line Q of 1015. Probing of such narrow

resonances requires a suitably stable and narrow linewidth laser source.

The frequency characteristics of the probe laser system are ultimately de-

termined by the mechanical stability of the reference optical resonator used

to stabilize the laser.1–5

2. Probe Laser System

A commercial diode laser at 674 nm is frequency narrowed and stabilized

using a cascade of two Fabry-Perot resonators. The first resonator (Δν =

100 kHz) is used for pre-stabilization of the diode laser, and the second

resonator (Δν = 3.7 kHz) is the ultra-stable reference that determines the

final frequency characteristics of the probe laser system.

2

The spacer and mirrors of the reference resonator are made of ultra-

low expansion glass. This ULE cavity and its support structure are each

mounted on Viton O-rings for decoupling from external vibrations. To fur-

ther reduce vibrations from the floor, the optical table is floated during the

high-resolution experiments.

The reference cavity is made exceptionally immune to thermal fluc-

tuations by using two-stage temperature stabilization, and by setting the

vacuum chamber temperature at the value where the thermal expansion

coefficient of the ULE cavity on its support structure is “zero.” We have

measured this temperature for our system using a steady-state method.

Such a measurement was possible because of the small and predictable

drifts of the ULE spacer over long periods of time (months). A tempera-

ture of 5.45(1)◦C was found for our particular sample of ULE glass.

3. High-Resolution Spectroscopy of 88Sr+

The performance of the probe laser system was investigated by scanning

across a Zeeman component of the 5s 2S1/2−4d 2D5/2 transition of a trapped

and laser cooled single ion of 88Sr+. The stabilized light from the probe laser

system was sent to the trapped-ion apparatus with a fiber equipped with a

phase-noise cancellation system.6,7 A linewidth of 5 Hz was observed,8 rep-

resenting a fractional frequency resolution of 1 × 10−14. It is worth noting

that a typical scan across the width of the Zeeman component took about

three minutes during these measurements without requiring drift cancella-

tion.
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COHERENT TRANSFER OF AN OPTICAL CARRIER 
THROUGH A LONG-DISTANCE FIBER LINK 
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An optical carrier frequency of 282 THz, corresponding to a wavelength of 

1064 nm, is transmitted through an urban-installation fiber optic network that 

can be configured in a 3.5- or 7.0-km length.  The optical phase delay 

fluctuations of the fiber link are compensated by using a method similar to that 

of Ref. [1], where the in-loop error signal is formed by a heterodyne beat 

between a local copy of the input light and light that has been retro-reflected 

from the remote tip of the fiber, traveling a total distance of 7 or 14 km, 

respectively.  Feedback to an acousto-optic modulator (AOM) placed just in 

front of the fiber link is used to precompensate for the link’s passive frequency 

fluctuations.   

The 7-km link allows the “local” and “remote” ends of the fiber to be co-

located, so that light exiting the remote end can be directly compared against the 

local reference in order to characterize the actively-stabilized fiber link in an 

out-of-loop fashion.  A transfer instability (see Fig. 1(b)) of 6 × 10-18 at 1-s 

averaging time is recovered, averaging down to 3 × 10-19 at 1000-s averaging 

time, limited by slow fluctuations of the out-of-loop optical path length.  A 

heterodyne beat between input and output ends of the 7-km link reveals a 

resolution-bandwidth-limited linewidth of 1 mHz and a phase noise 

corresponding to a timing jitter of 0.08 fs, integrated from 10 mHz to 10 MHz.   

A 25-km fiber spool was also inserted into the 7-km urban fiber link, for a 

net 32-km (one-way) transfer.  For this scheme, a transceiver configuration was 

used at the remote end instead of a simple retroreflection, in order to enhance 

the power and distinguish the round-trip light from reflections of the incident 

2

light inside the fiber.  Similar instability was achieved as for the 7-km link, 

again limited by the out-of-loop measurement system which was more 

complicated for the transceiver configuration.  A 1-mHz relative linewidth 

between ends of the link was again recovered, with a lower signal-to-noise ratio.   

As a first application of the fiber link, the 3.5 km link has been used to 

remotely compare two independent ultrastable-cavity-stabilized lasers operating 

at 698 (local) and 1126 nm (remote), with a femtosecond frequency comb at 

each end of the fiber link in order to transfer the 698-nm laser’s stability to the 

1064-nm transfer laser, and to compare the transferred 1064-nm light to the 

1126-nm laser.  A heterodyne beat between one mode of the remote comb and 

the transferred 1064-nm light had a resolution-limited linewidth of 1 Hz, as 

shown in Fig. 1(b).   

This phase-stable optical fiber link will help to allow important 

intercomparisons of next-generation optical atomic clocks, and find important 

applications for very-long-baseline interferometry and the synchronization of 

components in large accelerator-based advanced light sources. 
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Figure 1. (a)  Allan deviations for the various fiber links.  Open circles at the top are typical of the 

passive instability of either the 7- or 32-km link.  Closed diamonds are the measured out-of-loop 

instability of the 32-km system using a transceiver configuration.  Closed circles show the 7-km 

transfer instability.  Closed triangles are a measurement of the in-loop signal while being used to 

stabilize either the 7- or 32-km link, divided by a factor of 2 for a fair comparison against the one-

way transfer instability shown by the other curves.  (b)  Remote ultrastable-cavity intercomparison.  

A 698-nm laser is effectively heterodyned against an 1126-nm laser via a 3.5-km urban fiber link and 

two femtosecond frequency combs to span the spectral gaps to the 1064-nm transfer laser, revealing 

a 1-Hz resolution-bandwidth-limited linewidth as measured at 1064 nm.   
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A MAGNESIUM OPTICAL CLOCK 
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We report on the progress towards an optical clock based on 
magnesium. The absolute frequency value of the intercombination 
transition 3

1
S0  3

3
P1 of 

24
Mg was measured with a Ramsey-Bordé 

beam interferometer. The optical frequency of about 655 THz, generated 
with a pre-stabilized diode laser with sub-kHz linewidth, was compared 
with a primary Cs Frequency standard of the PTB via a fiber 
femtosecond laser. Suppression of first order Doppler effect has been 
achieved by applying beam reversal technique1. With this method we 
reached an uncertainty of 1 part in 10

11
 which is dominated by residual 

Doppler effect in first and second order. In the past we have 
demonstrated2 a spectroscopic resolution of 290 Hz with cold atoms 
leading to a short term stability of 8*10

14
 in one second. This stability is 

mainly limited by residual motion of the atoms at temperatures slightly 
above the Doppler cooling limit at 2 mK. In the case of bosonic Mg it is 
difficult to advance towards even lower temperatures in the microkelvin 
range. Standard sub-Doppler cooling schemes are not applicable 
because of the non-magnetic ground state. We investigate novel 
methods to lower the temperatures of magnesium atoms. One promising 
method is based on a coherent two photon-process which provides 
higher velocity selectivity. The method extends standard Doppler cooling 
based on the transition 3

1
S0  3

1
P1 by coupling the excited state with an 

additional laser to the 
1
D2 level. This gives the possibility to modify the 

population in the intermediate state 3
1
P1 and thus the mechanical light 

force, which in our experiments is actually dominated by the photons of 
the strong cooling transition. The force profile in all three dimensions can 

                                                          
† Work supported by DLR 50 WM 0346, Germany. 

2

be modified with one additional laser beam exciting the 
1
P1

1
D2

transition. In a 1D molasses configuration temperatures as cold as 500 
μK could be realized, which means a reduction of one order of 
magnitude. This makes the experimental implementation easy, 
especially in a 3D-MOT. There, temperatures of 1 mK were reached with 
an additional cooling time of only 1ms and a high transfer efficiency of 
more than 60%. The observed temperatures could be matched with 
theoretical predictions by assuming a higher diffusion due to 
imperfections of the UV laser beams. For eliminated technical heating 
we extrapolate temperatures of 200 μK and 600 μK in the 1D molasses 
and MOT configuration respectively. Our model, indicates that the 
lifetime of the upper state limits the achievable temperature which is 
restricted in the present case to about 50 μK. 
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Recent investigations by several groups1–3 have demonstrated that it is

possible to produce a highly stable molecular BEC of 6Li2 molecules com-

posed of fermionic atoms, which exhibit lifetimes of some tens of seconds,

compared to typically 1 ms or less for quantum degenerate molecular gases

obtained from bosonic atoms. We report the production of our first molec-

ular Bose-Einstein condensates of lithium-6 dimers in a low power crossed

optical dipole trap.

Initially, we load a magneto-optical trap (MOT) with typically 108

atoms from a slowed atomic beam. We then transfer up to 400000 atoms

into an optical dipole trap with an almost equal spin mixture in the two

lowest hyperfine states. The optical dipole trap is formed using light from a

25 W VersaDisk Yb:YAG laser at 1030 nm. It consists of a 15 W beam with

a waist of about 30 μm crossed with a 13 W beam at about 80 degrees. To

increase the number of condensed molecules the second beam has a waist

of about 100 μm.

Evaporative cooling is achieved by reducing the laser power near the

broad Feshbach resonance at 834 G. By tuning to the low magnetic field

side (770 G) of the Feshbach resonance molecules are formed through three-

body recombination at sufficiently low temperatures. Further evaporation

leads to the creation of a molecular BEC. After reducing the laser power by

a factor of about 1000 in 3 s we have observed more than 10000 condensed

molecules. During the evaporation the temperature decreases from about

100 μK to below 100 nK.

2
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Trapped and cold 40Ca+ ion is one of promising candidate of future optical 

frequency standards. In this paper we will give the lifetime measurement of the 

Ca in the small Paul trap in our laboratory recently.

 A miniature Paul trap with a ring (r0=0.8mm) and two endcaps (2z0= 2mm) 

electrodes with two compensation electrodes was developed for trapping signal 

Ca ions [1].  

The cooling laser at 397 nm and repumping laser at 866nm available for 

trapped Ca+ ions are carried out with a commercial single-mode laser diode. The 

laser at 729nm for the clock transition S1/2-D5/2 is also a Titanium-Sapphire laser 

(Coherent MBR-110).  

Single cold 40Ca+ ion was loaded in a Paul trap directly and the probability 

of loading only single ion was above 50%. The signal-to-noise ratio (S/N) and 

the storage time of single ion have been improved by locking the cooling and 

repumping lasers to Fabry-Perot interferometers and Optogalvanic (OG) signals 

respectively[2], and by minimizing the micromotion. From the single ion 

fluorescence spectrum, the ion temperature was estimated to be about 5mK [3]. 

The lifetime of 3D5/2 was measured by analyzing statistically the signal of a 

number of quantum jumps of single ion. The result we obtained accorded with 

others’ results which have been published. 
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ABSOLUTE OPTICAL FREQUENCY MEASUREMENTS IN
133

CS AND THEIR IMPACT ON ATOM INTERFEROMETRY

AND THE FINE STRUCTURE CONSTANT
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High resolution laser spectroscopic measurements of the 6s
2
S1/2�6p

2
P1/2 (D1) and

6s
2
S1/2�6p

2
P3/2 (D2) transitions in neutral

1 3 3
Cs were performed in a highly collimated

thermal atomic beam using a femtosecond laser frequency comb and narrow-linewidth

CW diode lasers. The diode lasers were mixed with the output of a femtosecond laser

frequency comb referenced to a stabilized hydrogen maser calibrated with a Cs

fountain clock. The diode lasers probed optical transitions between pairs of ground state

and excited state hyperfine levels. A photodiode was used to detect the excited state

decay fluorescence. The first order Doppler shift was eliminated by orienting the laser

beam in a direction perpendicular to the atomic beam with a precision of 5 x 10
- 6

radians. Optical frequencies for all possible pairs of hyperfine levels were measured

independently, from which the line centroids and excited state hyperfine splittings were

obtained for both the D1 and D2 transitions. For the D2 transition differences between

optical frequencies agreed with previously completed more precise measurements of

the hyperfine splittings. For the D1 line, a new value for the 6p
2
P1/2 state hyperfine

splitting was also obtained. We used the D1 results, in combination with the results of an

atom interferometry experiment by Wicht et al. to calculate the fine-structure constant

based on the atom recoil approach, �
- 1

= 137.0360000(11). Our optical frequency

results in cesium represent significant improvements in both precision and accuracy

when compared with previous measurements for these quantities. The absolute optical

frequencies of the D1 and D2 lines of cesium and other alkalis play important roles in

the interpretation of current and pending atom interferometry experiments in cesium.

†
Work partially supported by grant PHY99-87984 of the US National Science Foundation.

2

Figure 1. Experimental setup for optical frequency measurements.

Table 1. Summary of
1 3 3

Cs Results: optical frequencies, [1, 2] and hyperfine splittings [3].

6s
2
S1/2 Fg�6p

2
P3/2 Fx D2 6s

2
S1/2 Fg�6p

2
P1/2 Fx D1

f43=351 721 508 210.5(5.5) kHz
f44=351 721 709 496.9(5.5) kHz
f45=351 721 960 585.7(5.5) kHz
f32=351 730 549 621.5(5.5) kHz
f33=351 730 700 845.9(5.5) kHz
f34=351 730 902 133.2(5.6) kHz

f43=335 111 370 129.1(3.4) kHz
f44=335 112 537 852.7(3.3) kHz
f33=335 120 562 760.8(3.4) kHz
f34=335 121 730 484.4(3.3) kHz

fD2=351 725 718 474.4(5.1) kHz fD1=335 116 048 748.1(2.4) kHz

�f23=151 224.7(1.6) kHz
�f34=201 287.1(1.1) kHz
�f45=251 091.6(2.0) kHz

�f34=1 167 723.6(4.8) kHz

We obtained the fine structure constant from � 2
= R�c

mp

me

mCs

mp

frec
( f33+ f43 )2 using

frec
2 = 15 006.276 88(23) Hz  from reference [4] other references cited in [2].
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The lifetimes of the metastable 5d 2D3/2 and 5d 2D5/2 levels in Ba II
have been measured with a Laser Probing Technique (LPT)1,2 at the ion
storage ring facility CRYRING3 located in the Manne Siegbahn Laboratory
in Stockholm, Sweden. The lifetime of the 5d 2D3/2 level proved to be
the longest lifetime ever measured with this technique utilizing fast ion
beams, τ = 89.4 ± 15.6 s, and to the best of our knowledge it constitutes
the longest lifetime ever measured in a storage ring. Also the 5d 2D5/2 level
has a lifetime of the order of tens of seconds which was determined to be
τ = 32.0 ± 4.6 s. These new measurements are also supported by our new
pseudo-relativistic Hartree-Fock calculations4 resulting in τ = 82.0 s and
τ = 31.6 s respectively.

These lifetimes have been measured previously by several groups but
the experimental lifetimes resulting from the different studies are inconsis-
tent. For the 5d 2D3/2 level, the measurements of Schneider and Werth5

and of Yu et al.6 differ by a factor of four and, for the 5d 2D5/2 level,
the results of Plumelle et al.7 are larger than those of Nagourney et al.8

and of Madej et al.9 by about 50%. One possible reason for the existing
discrepancies might be the difficulty to monitor and measure both the col-

2

lisional excitation of the ions and the collisional quenching. A method for
correcting for both these effects have been developed and used in previous
LPT measurements10,11 up to lifetimes of 28 s in Ti II.12 The value of the
5d 2D3/2 lifetime presented in this study shows good agreement with both
the experimental result of Yu et al.6 and also with several calculated val-
ues.13–15 The measured lifetime of the 5d 2D5/2 level is also in agreement
with several previous measurements7–9 and calculations.7,8,13–15
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Brownian motors (BM) are small devices who convert random fluctua-
tions into directed motion. The general requirements for a BM to work is
that the system is spatially or temporally asymmetric and brought out of
thermal equilibrium.

Our BM are based on cold atoms in a double optical lattice. The symme-
try originates from a combination of a relative spatial phase (RSP) between
the lattices and unequal transfer rates between them. This gives our BM
an inherent possibility to induce drifts in an arbitrary direction in three
dimensions. This is in contrast with many other BMs, which are typically
controllable only in one direction.

Since the potentials are coupled in all three dimension is the multi
dimensional RSP dependancy non-trivial. This dependency has therefore
been measured, see figure 1a, and a full control of our BM is gained. To
qualitatively understand our BM, we have performed semi-classical sim-
ulation. Even thought the main features of BM are reproduced does the
pattern of the induced drifts minima differ, see figure 1b. This calls for a
full quantum model to explain our BM. Such a model is under construction.

The induced drift dependency on the inequality in the transfer rates,
the diffusion and the potential height, also has been carefully investigated.
Induced drifts in arbitrary directions with controllable speeds up to a few
mm/s has been evident.1,2
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Fig. 1. False color contour plots of the induced drift along the vertical z axes as a func-

tion of the relative spatial phase in z and y from (a) measurements, and (b) simulations.
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In many plasmas, long lived metastable levels are primarily depopulated
by collisions. In low-density regions, however, radiative decays through for-
bidden transition channels will be more important and can be observed. If
the atomic transition data is known, these lines are indicators of physical
plasma conditions and can be used for abundance determination.1 Transi-
tion probabilities can be derived by combining relative intensities between
the decay channels, so called branching fractions (BFs), and the radiative
lifetime of the common upper level.2 We use this approach for forbidden
[ScII] lines along with new calculations.

Neither BFs for forbidden lines nor lifetimes for metastable levels are
easily measured in the laboratory. Therefore, astrophysical BFs measured in
Space Telescope Imaging (STIS) spectra of the strontium filament of Eta
Carinae are combined with lifetime measurements using a laser probing
technique3,4 on a stored ion beam at the CRYRING5 facility in Stockholm,
Sweden. These lifetimes are used to derive the absolute transition probabil-
ities (A-values). New theoretical transition probabilities and lifetimes are
calculated using the CIV3 code.

We report experimental lifetimes for the ScII levels 3d2 3P0,1,2 with

2

lifetimes 1.28, 1.42 and 1.15 s respectively and transition probabilities for
lines from these levels down to the ground state 3d4s a3D. New calculations
for these forbidden [ScII] lines and metastable lifetimes are also presented.
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We report the construction of an all-optical BEC, and initial experiments
demonstrating some features of the δ-kicked rotor.

Keywords: Delta-kicked rotor, All-Optical BEC

1. The All-Optical BEC

We create an all optical Bose-Einstein Condensate (BEC) using a method

similar to the one used by Barrett et al.1 A crossed pair of CO2 laser

beams, with waist diameters of 80 μm (1/e2) forms a dipole trap, which

is overlapped with a magneto-optical trap for rubidium-87 atoms in an ul-

tra high-vacuum environment. Both laser beams are derived from a single

25 W CO2 laser, but are orthogonally polarised. The power in both beams

is controlled by an AOM, and is 10 W per beam initially. By gradually

reducing the laser power, we force evaporative cooling of the atoms down

to the BEC transition. At this point, we have about 105 atoms at a tem-

perature of 60 nK. The temperature is hence much smaller than the recoil

energy for rubidium, which is 180 nK.

2. δ-kicked rotor

The atoms are then periodically subjected to a potential which varies as

the cosine of the position.

V = κ cos 2kx
∑

n

f(t − nT )

with κ the kick strength, and T the kick period. The potential is achieved

by using a standing laser field, which is detuned by ∼ 2 GHz from the D2

2

transition, at a wavelength of λ = 2π/k = 780 nm. For an ideal correspon-

dence to the classical δ-kicked rotor, the function f(t) is a δ-function. In

this experiment, f(t) is a square profile laser pulse with a duration much

less than the period. This system forms a quantum-mechanical equivalent

of the classical kicked rotor.

It is well-known that the classical kicked rotor, for sufficient kick

strength, is a chaotic system . Hence, the variance of the velocity distri-

bution (the energy) should grow quadratically with the number of kicks. In

the quantum-mechanical equivalent, quantum coherences inhibit the energy

growth after a certain number of kicks.2

However, at a particular kick period, known as the quantum resonance, a

manifestation of the Talbot effect can be observed. The first kick effectively

acts as a diffraction grating for the atomic wave, and will split it into

a number of momentum component states. If the phase accumulated by

these momentum components during the time the laser is off exactly equals

4π, the wave function is identical to the wave function just after the laser

pulse, and the second laser pulse will add coherently to the first, leading

again to quadratic energy growth with the number of kicks. In the figure,

we show the atomic momentum distribution after 1–6 kicks, at a kick period

equal to this quantum resonance. The momentum difference between two

adjacent clouds is 2�k. At the conference, we will present more detailed

measurements for different kick periods and kick strengths.
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We present our experimental results on Rydberg excitation of magnetically

trapped Rubidium atoms. In a thermal cloud of a few microKelvin we observe
coherent, collective and strongly blocked excitation induced by the van der
Waals interaction among the Rydberg atoms. The reversibility of the excita-
tion dynamics was measured with an echo type technique for various densities
of ground state atoms and excitation times. With this experiments we prove
the coherence of the excitation and gain insight into the dephasing due to in-
teractions. We further observed a signature of the phase transition to a Bose-
Einstein condensate in the fraction of excited Rydberg atoms when cooling the
thermal cloud below Tc.

The van der Waals interaction energy of two Rydberg atoms separated
by 10 micrometres can be in the range of MHz which leads to a blockade of
the photo-excitation-process when the interaction energy is larger than the
linewidth of the excitation process. This defines the radius of a blockade
sphere within which only one excitation is created.

In our experiments using the high density of ground state atoms in
a magnetic trap, several thousand atoms are located within one blockade
sphere. As the excitation can be located at any of the N available atoms
the state is described by the collective state:

|ψe〉 =
1√
N

N∑
i=1

|g1, g2, g3, ..., ei, ..., gN 〉, (1)

where gk indicates an atom numbered k in the ground state and ei atom i in
the excited state. Therefore in this strong blockade regime the ensemble is
excited collectively and oscillates with the collective Rabi frequency

√
NΩ0

between the ground state and the collective excited state |ψe〉. Our sample
consists of many blockade spheres which have due to the inhomogeneous

2

density different collective Rabi frequencies. Therefore the Rabi-oscillations
get out of phase and are not detectable in the total Rydberg atom number.
Still the time scale of this integrated excitation scales with the square root
of the density and linear with the Rabi frequency. We have observed the
collective coherent behaviour of the excitation in a thermal cloud by this
scaling of the excitation rate with the collective Rabi-frequency

√
NΩ0.1
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Fig. 1. a Rydberg population as a function of excitation time for two different densities
of ground state atoms. The Rydberg atom number saturates due to van der Waals block-
ade. b Schematic of the pulse sequence. At a variable time τp during an excitation pulse
of constant duration τ , the phase of the driving field for Rydberg-excitation is switched
by π, equivalently to inverting Ω0 to −Ω0. The coloured curves show the excitation dy-
namics for the whole sample during the pulse sequence for some values of τp. c Rydberg
atom number as a function of τp. The reversal of the excitation reduces the population
by 80% at the point where τp equals half of the excitation time τ = 275 ns. This proves
the coherent nature. The solid line is a hyperbolic fit as a guide to the eye.

By inverting the phase of the excitation light, we coherently reversed
the excitation process (see Fig. 1) and proved the coherent dynamics. We
observed a density dependent decrease in the efficiency of reversal, which
we attribute to a dephasing due to the irreversibility of the van der Waals
interaction.2

We further observed a signature of the phase transition to a Bose-
Einstein condensate in the fraction of excited Rydberg atoms when cooling
the thermal cloud below Tc. In a next step we plan to use the phase co-
herence of a Bose-Einstein condensate in interferometric experiments to
investigate the expected strong correlations.
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We present an experiment to coherently manipulate the centre of mass

momentum of an atomic cloud to implement a variety of as yet untested

cooling schemes (including amplified Doppler cooling1 and Interferometric

cooling2), as well as atom interferometry experiments, using aparatus which

is computer programmable and hence allows for implementation of as yet

unconsidered experiments.

The technique of Amplified Doppler cooling enhances traditional

Doppler cooling by using coherent manipulation to impart additional mo-

mentum before sponatenous emission can occur. The technique will allow

the compact deceleration of beams with reduced transverse heating. Theo-

retical predictions suggest it should be possible to reduce the temperature

by approximately a factor of two for each spontaneous emission event, pro-

viding an exponential speed up compared to traditional Doppler cooling.

In Interferometric cooling, an ensemble of atoms placed in a superpo-

sition will evolve in phase due to their momemtum, including the center

of mass term. By recombining the two ’arms’ of the interferometer at a

time later, the atom will either be in an excited or ground state. The ab-

sorption (or stimulated emission) of a photon will cause the atom to recoil

away (towards) the photon’s wavevector direction. This leads to a velocity

dependant force.

Both of these schemes reduce the reliance of the cooling mechanism on a

closed transition: the former by increasing the momentum imparted for each

spontaneous emission event, a large number of which will empty the cooling

transition, and the latter by allowing the possibility of operating across a

manifold of levels using broadband techniques such as Adiabatic Rapid

2

Passage. The reduced reliance on a closed transition means these schemes

can, in principle, be applied to the direct optical cooling of molecules.

The apparatus consists of a Mangeto-Optical Trap for Rubidium-85, the

trapping and repump beams of which can be extinguished in ∼ 100ns using

AOMs, and a 1W diode laser, detuned from resonance by ∼ GHz, with a

chain of acousto- and electro- optical components to produce counter prop-

agating Raman beams with intensity and detuning which can be arbitrarily

scuplted with sub-microsecond resolution.
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We have been exploring and exploiting the possibility of slowing down and trapping 

neutral molecules by the use of time-varying inhomogeneous electric fields. The 

decelerated beams of molecules have been loaded into a variety of traps. In these traps, 

electric fields are used to keep the molecules confined in a region of space where they can 

be studied in complete isolation from the (hot) environment. Recent experiments include 

the far-infrared optical pumping of these polar molecules due to blackbody radiation and 

the demonstration of a molecular synchrotron. 

Getting full control over both the internal and external degrees of freedom of 

molecules has been an important goal in molecular physics during the last 

decades. Arrays of time-varying, inhomogeneous electric fields are used to 

reduce in a stepwise fashion the forward velocity of molecules in a beam. With 

this so-called ‘Stark decelerator’, the equivalent of a LINear ACcelerator 

(LINAC) for charged particles, one can transfer the high phase-space density 

that is present in the moving frame of a pulsed molecular beam to a reference 

frame at any desired velocity; molecular beams with a computer-controller 

velocity and with a narrow velocity distribution, corresponding to sub-mK 

longitudinal temperatures, can be produced [1]. These decelerated beams offer 

new possibilities for collision studies [2], for instance, and enable spectroscopic 

studies with an improved spectral resolution; first proof-of-principle studies 

have been performed. These decelerated beams have also been used to load ND3

molecules and OH radicals in an electrostatic trap at a density of 107 mol/cm3

and at temperatures around 50 mK [3]. Trapping of vibrationally excited OH 

(v=1) radicals has enabled a direct measurement of the infrared radiative 

lifetime [4], and optical pumping of neutral molecules due to blackbody 

radiation has been investigated [5]. Ground-state molecules have been trapped 

in a novel AC electric field trap, decelerated molecular beams have been 

injected in a prototype molecular synchrotron [6], and, using micro-structured 

electrode arrays, a switchable mirror for neutral molecules has been constructed 

and tested.  

1

2

In figure 1 the operation of the Stark decelerator is illustrated by the  

deceleration and trapping of OD radicals. OD radicals are created by 

photodissociation of supersonically expanded deuterated nitric acid, and 

subsequently decelerated in a Stark decelerator. The slowed molecules are 

trapped in an electrostatic trap, and the population in the different rotational 

states is probed by laser-induced fluorescence detection. In the inset the arrival 

of undecelerated OD molecules followed by the steady signal of the trap-loaded 

OD molecules is shown, up to 20 ms after production of the molecules. We have 

detected the trapped molecules up to 15 s. 

Figure 1: Electrostatic deleceration and trapping of OD radicals 
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We present results from experiments towards development of a scalable
ion trap quantum information processor. The realization of such a scalable
processor depends on the ability to implement fault-tolerant techniques.
These require the ability to move information around the processor while
retaining the ability to perform high fidelity quantum gates. For trapped
ions, one approach is to move the ions themselves through an array of mi-
crotraps1,2 One challenge in this scheme is that the ions’ motion may be
heated by the transport processes. In addition, fluctuations of the electric
field at the position of the ions leads to ambient heating. Since the fidelity
of two qubit trapped ion gates are sensitive to the ions’ temperature, it is
necessary to cool the motion of the qubit ions prior to gates, while pre-
serving the stored quantum information. In our experiments, we perform
sympathetic cooling by adding coolant 24Mg+ ions to the 9Be+ qubits. We
report recent work involving ground state sympathetic cooling and coherent
manipulations with two-species arrays of multiple ions.

2

In addition, we have experimentally and theoretically investigated the
gate error due to spontaneous photon scattering, which represents a fun-
damental limit to the fidelity of logic gate operations implemented using
Raman transitions. We find that in the limit where the detuning of the
Raman laser from the excited states is larger than their fine structure split-
ting, spin-relaxation due to spontaneous Raman scattering is dramatically
reduced relative to Rayleigh scattering due to an interference effect between
scattering paths.3 In this regime, the limiting factor for two-qubit gate fi-
delity becomes decoherence of the motional state due to Rayleigh scatter-
ing. We show that with high laser power, for realistic trap frequencies of ∼
10 MHz the error rate from this source can in theory be reduced to below
10−4 per gate, which is below current threshold estimates for fault-tolerant
quantum computation.4,5

Finally we have devised a new method to measure heating rates of
trapped ions by observing the fluorescence during Doppler re-cooling. This
method offers two advantages over traditional Raman thermometry.6 It re-
quires less complex laser systems and does not require the ions to be in the
Lamb-Dicke regime. Both the Doppler re-cooling and Raman thermome-
try methods have been compared in studies of heating rates for a range of
microfabricated traps.
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We observe coherent spin dynamics and measure ground state populations in
an antiferromagnetic spin-1 Bose-Einstein condensate. At a critical value of
the quadratic Zeeman shift, the oscillations display a resonance in oscillation
period.
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The coherent nature of atomic collisions in degenerate quantum gases

has been demonstrated in an array of recent experiments. Coherent colli-

sions in spinor condensates are of particular interest because of the rich

dynamics that become possible when internal degrees of freedom are in-

cluded. We present the first experimental study of coherent spin dynamics

in a Bose-Einstein condensate of antiferromagnetic, spin-1 sodium atoms.

The antiferromagnetic F =1 case is distinct from the ferromagnetic one

both in the structure of the ground-state magnetic phase diagram and in

the spinor dynamics. Both cases can exhibit a regime of slow, anharmonic

spin oscillations; however, this behavior is predicted over a wide range of

initial conditions only in the antiferromagnetic case.1

We produce a Bose-Einstein condensate of 105 23Na atoms in the F = 1

state in a crossed dipole trap. The condensate is initially fully polarized,

with all atoms in the mF = 1 Zeeman sublevel. We apply a magnetic field

in order to vary the quadratic Zeeman shift, whose competition with the

spin-mixing rate determines the spin dynamics. By applying an RF field

resonant with the linear Zeeman shift to drive magnetic dipole transitions,

we change the spin state of the sample. We then observe spin dynamics

by measuring magnetic sublevel populations at different times using Stern-

Gerlach separation of components and absorption imaging.

We initiate spin dynamics by suddenly driving the atomic spin state

away from equilibrium using the RF field. Following this sudden state

2

change, we observe oscillations in the magnetic sublevel populations. We

then measure the amplitude and period of oscillation over a range of differ-

ent magnetic fields.
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Fig. 1. Period (diamonds) and amplitude (circles) of spin oscillations as a function of
applied magnetic field following a sudden change in spin state. The solid and dashed
lines are theoretical predictions of the period and amplitude, respectively. The shaded
regions indicate one standard deviation above and below the mean result expected when
the fluctuations in magnetic field and density are modeled.

In Figure 1, we plot experimental results and theoretical predictions of

the period and amplitude of oscillation as a function of magnetic field. We

observe a peak in period and amplitude near to the theoretically predicted

value of the critical magnetic field. As shown in the figure, the oscillation

period at low magnetic field is insensitive to magnetic field fluctuations.

The period depends sensitively only upon the value of the spin interaction

coefficient c2 and the density. The coefficient c2 is proportional to the dif-

ference in scattering lengths a2 − a0, where a2 (a0) is the scattering length

for collision processes with total coupled spin F = 2 (F = 0). We deter-

mine a value of a2 − a0 = (5.34 ± .58)aB . It constitutes the most precise

measurement to date of this quantity in sodium.
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MOLECULAR CLOCKS WITH ULTRA-COLD MOLECULES

MASATOSHI KAJITA

National Institute of Information and Communications Technologys
Koganei, Tokyo 184-8795, JAPAN

A molecular clock using magnetically trapped 24MgH molecules is proposed. The
inelastic collision rate was estimated to be 3-4 orders smaller than elastic collision rate,
therefore evaporative cooling is easy. There is no Zeeman shift with |2Σ, v = 0, N = 0, F
=1, M =1> -> |2Σ, v = 2, N = 0, F =1, M =1> transition frequency, because the Zeeman
coefficient does not dependent on the vibrational state. The uncertainty of clock
transition can potentially be reduced to 10-17. This molecular clock is useful to measure
the variation of the electron to proton mass ratio.

.

1. Introduction

Possible variations in nature's fundamental constants are currently a very
popular topic of research. The precise measurement of the molecular vibrational
rotational transition frequency is useful to measure the variance in electron to
proton mass ration.

This paper discusses the feasibility of a molecular clock based on the 24MgH
|2Σ, v = 0, N = 0, F =1, M =1> -> |2Σ, v = 2, N = 0, F =1, M =1>transition
frequency (83 THz). Here v, N, and F are the quantum numbers of the
vibnational state, rotational state, and hyperfine state, respectively. M denotes
the trajectory of F parallel to the magnetic field. 24MgH molecules are trapped
by magnetic field after precooling using buffer gas1. The molecular temperature
is reduced by evaporative cooling. As shown below, Zeeman shift does not exist
with this transition. The two photon absorption spectrum using two counter-
propagating laser lights is free from the Doppler broadening.

2. Elastic and inelastic collision between trapped 24MgH molecules

Evaporative cooling is possible only when the collision loss rate is much less
than the elastic collision rate. Collision loss is caused by the inelastic collision
that changes the electron spin direction. Elastic and inelastic collision cross
sections were estimated using a simplified method shown in Reference 2. Elastic
collision is mainly caused by the electric dipole-induced dipole interaction and
inelastic collision is mainly caused by the magnetic dipole-dipole interaction.

2

Figure 1 plots the elastic and inelastic collision cross sections between 24MgH
molecules in the |N = 0, F = 1, M = 1> state as a function of the collision kinetic
energy, taking the magnetic field 100 G. The inelastic collision rate is more than
three orders smaller than the elastic collision rate. Therefore, evaporative
cooling seems easy for magnetically trapped 24MgH molecule.

Collision between trapped 24MgH molecules
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Fig.1: Elastic and inelastic collision cross sections as a function of the collisional
kinetic energy.

3. Shift of the clock transition frequency

The Zeeman energy shift of 24MgH molecules in the |N = 0, F =1, M =1>
state is given by ΔΖ = μB (ge + gp)B/2, where μB is the Bohr magneton, B is the
magnetic field, and ge,p are the g-factors of the electron and proton, respectively.
ΔΖ does not depend on the vibrational state and there is no Zeeman shift with the
| v = 0, N = 0, F =1, M =1> -> | v = 2, N = 0, F =1, M =1> transition.

The frequency shift is actually dominated by the AC-Stark shift caused by
the probe laser and the collision shift. The AC-Stark shift is estimated to be in
the order of 2 x 10-14 (I/IS), where I is the power density of probe laser and IS is
the saturation power density. The collision shift is in the order of 2 x 10-26 n (n is
molecular density with the unit of cm-3) when the molecular temperature is lower
than 1 mK.

The frequency shift is in the order of 10-17 assuming (I/IS) < 10-3 and n <
109/cm3. This frequency uncertainty is low enough to measure the variance of
electron-proton mass ratio (estimated to be 10-15/year).
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STRONG FIELD IONIZATION OF ALKALINE EARTH ATOMS 

HUIPENG KANG, XIAOJUN LIU 
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The behavior of atoms in intense femtosecond laser field has been under active 

investigation[1]. A multitude of novel effects have been revealed, such as above-

threshold ionization (ATI), high harmonic generation (HHG) and nonsequential 

ionization (NSI). Extensive study on noble gases indicate a rescattering picture be 

responsible for the nonsequential ionization caused by electron correlation[2]. However, 

recent experiments performed on alkaline earth atoms exhibit different ionization 

behavior from that of noble gas atoms[3], suggesting other different ionization 

mechanisms. With a newly established photoelectron spectrometer based on time-of-

flight principle, strong field ionization of alkaline earth atoms is investigated. We focus 

on double ionization dynamics of alkaline earth atoms subject to ultrashort intense fs 

laser pulses. The light intensity is chosen in a regime where non-sequential double 

ionization dominates. The electron-ion coincidence technique allows a detailed 

exploration of underlying ionization dynamics. Some preliminary results will be 

presented.
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COOLED ATOMS
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Laser cooling in optical lattices is often believed to be a solved problem.
In particular, this is the case for the ‘lin⊥lin configuration’ for multilevel
atoms, where the famous Sisyphus cooling model is relevant.1 This is re-
markable, since already from the outset of that theory, it was obvious that
it explained many of the features of laser cooling, and provided great in-
sight, but also that some of the results from the Sisyphus model are based
on strong approximations (e.g. spatial averaging) that deviate from real
situations.2

There have been many reports where basic properties of laser cooling
have been performed, for example a linear scaling between steady-state tem-
perature and light shift accompanied by an abrupt turn-off at low light shifts
(see e.g.3 and references therein). However, experimental findings have also
clearly shown that the model is too simplified for a complete description
of laser cooling. In particular, the rate of cooling does not correspond to
the model,4–6 and the emerging velocity distribution shows deviations from
the expected ones.7–10 There have also been studies based on quantum
simulations that show discrepancies with analytical models.2,6,11

Deviations from Gaussian distributions are obtained from the seminal
semi-classical model1 when velocity-dependent nonlinear terms are not neg-

2

ligible and an analytic solution of the equation of motion yields a Tsallis
distribution.12 However, this model explicitly neglects the spatial modula-
tions of the potential and thus the trapping of atoms in the potential wells,
which is a crucial ingredient.

Through experiments with a high resolution velocity probe, and numer-
ical simulations, we show that the velocity distribution, when atoms are
laser cooled in an optical lattice, is bimodal. That is, at relatively high
light shifts, where laser cooling is typically applied, essentially all atoms
are trapped at potential sites, and the velocity distribution has the apper-
ance of a slightly truncated Gaussian. If the light shift is lowered, towards
and beyond the point where laser cooling has been believed to break down,
a mode with untrapped atoms will appear. By the dissipations processes
involved, atoms are continuously shifting between being localized (trapped
mode) and moving around in the lattice (untrapped mode). Even at very
low light shifts, a majority of the atoms are in the trapped mode, but the
overall velocity distribution will be strongly influenced by the untrapped
ones.

We also investigate the momentum diffusion of untrapped atoms for
signs of non-ergodic behavior.
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LASER-TRIGGERED ULTRAFAST ELECTRON EMISSION
FROM A SHARP TUNGSTEN TIP

C. KEALHOFER∗, P. HOMMELHOFF and M. A. KASEVICH

Department of Physics, Stanford University,
Stanford, CA 94305, USA

∗E-mail: ckealhof@stanford.edu

A low-power (∼ 600 mW) 8-fs pulsed Ti-Sapph laser oscillator has been

used to generate electron emission from sharp tungsten tips. By studying

the non-linearity of the electron emission as a function of laser power and

DC bias field, we infer that the electron emission process is prompt.1,2 If the

photon energy is below the effective work function of the metal, electrons

can be emitted due to multiphoton excitation (in the low power limit) or

optical field emission (in the high power limit). This latter process can be

thought of as electrons tunneling out of the metal in the electric field of the

laser. The emission in this case is a non-linear function of the laser electric

field and may only occur during one half of the optical cycle. For 800 nm

light, this corresponds to sub-femtosecond emission times.

Normally, the quasistatic approximation used to study optical field emis-

sion holds for cases where the Keldysh parameter, γ, is much less than one

(the multiphoton regime, in contrast, is characterized by γ � 1). In the case

of our experiment, however, γ ∼ 1. In order to better understand this sys-

tem, we developed a simple numerical model by integrating the Schrödinger

equation for a single electron tunneling from a surface state in the presence

of the laser field. The model provides a reasonable fit to our data (nonlinear-

ity as a function of bias voltage). Furthermore, it predicts that the electron

emission is confined to only part of each laser cycle, so that the temporal

profile of the electron emission consists of one or more sub-femtosecond

pulses, even for intermediate values of γ. This is consistent with recent the-

oretical and experimental work on tunnel ionization in atoms, for which the

electron emission is shown to be sub-laser cycle even in the intermediate

regime.3,4 As the emitter size is on the order of nanometers, an electron

source based on optical field emission can be highly localized in both space

2

Fig. 1. Simulation results showing sub-optical cycle electron emission for 3-cycle laser
pulses of different carrier envelope phase.

and time. Some possible applications of such a source include generation of

femtosecond x-ray pulses, ultrafast electron microscopy, and electron inter-

ferometry.
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TOWARD MODE-LOCKED LASER COOLING OF NEW
ATOMIC SPECIES
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Australia

∗E-mail: d.kielpinski@griffith.edu.au

The pulse train from an ultrafast mode-locked laser has two properties which
in combination make it a good tool for laser cooling. First, the nonlinear con-
version efficiency for femtosecond to picosecond long pulses approaches unity,
allowing access to wavelengths in the deep UV region of the spectrum. Sec-
ondly, the phase coherence between pulses in the pulse train allows excitation
of two-photon transitions at rate equal to a CW laser of the same average
power. These two properties acting together mean that ultrafast lasers can be
used for cooling of species with transitions in the deep UV, such as the chem-
ically interesting species H, C, N, O and Cl. Here we describe work toward
implementation of the mode-locked cooling scheme described in ”Laser cooling
of atoms and molecules with ultrafast pulses,” D. Kielpinski. Phys. Rev. A, 73,
063407 (2006). We have trapped and crystallized Yb+ ions by standard laser
cooling for a proof of principle experiment. The mode-locked laser source for
the proof of principle is a Ti:sapphire laser for cooling on the two-photon 871
nm transition in Yb+. This laser has achieved high pulse repetition rate, low
pump threshold, and carrier-frequency stability at a relatively narrow optical
bandwidth. We describe our high-power 515 nm fibre laser source for ”magic
wavelength” dipole trapping of hydrogen and discuss plans for cooling a dipole-
guided beam of atomic hydrogen with a mode-locked fibre laser.
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POPULATION DYNAMICS OF ULTRACOLD RB RYDBERG
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We report on recent experiments investigating the lifetimes of highly excited nd-

states (n=12-37) of ultracold rubidium atoms. The lifetime of Rydberg states at

finite temperature is not determined solely by spontaneous decay rates, but is

influenced by the redistribution of atomic populations amongst nearby states via

interaction with blackbody radiation [1].

Our work uses time-resolved ionization detection of ultracold Rydberg

atoms produced in a standard Rb magneto-optical trap (MOT). A single focused

beam from a high-energy tunable MOPO laser is used for both the Rydberg

excitation and subsequent photoionization. A channeltron is used to detect

atomic ions as the frequency of the laser is scanned, resulting in a resonantly-

enhanced ionization spectrum which is used to identify the atomic energy levels.

Rydberg lifetimes were measured by recording the time-resolved ion signals,

consisting of ionization by the photoionization beam and the MOT light.

Although the Rydberg atoms are created in a state-selective process, the ion

signal decay is not simply due to radiative transitions from a single state. The

ambient blackbody radiation allows transitions to neighbouring Rydberg states,

and it is this population redistribution and subsequent decay that must be

considered. We have modeled the population dynamics, using two different

forms for the blackbody interaction [2] [3]. Comparison of our experimental

lifetime data to the model provides limits on the validity for the two approaches

to the blackbody interaction.
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HETERONUCLER FESHBACH RESONANCES IN AN 
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C. Klempt, T. Henninger, O. Topic, J. Will, W. Ertmer and J. Arlt

Institut für Quantenoptik; Leibniz Universität Hannover, 
 Welfengarten 1, 30167 Hannover, Germany 

The methods developed for the production of quantum degenerate Bose and 
more recently Fermi gases now also allow for the production and examination 
of heteronuclear quantum degenerate gases. Within our experiments, bosonic 
87Rb atoms are used to cool an ensemble of fermionic 40K atoms to joint 
quantum degeneracy. This opens a vast research area, including the 
investigation of interactions within these mixtures and the production of cold K-
Rb molecules via magnetic Feshbach resonances. 

In our experimental apparatus, both atomic species are cooled and trapped in a 
dual magneto-optical trap, where 8·109 Rb and 1·108 K atoms are captured. 
These samples are transferred into a movable magnetic quadrupole trap and 
physically transported into a magnetic QUIC trap. Within the magnetic trap, the 
Rubidium atoms are evaporatively cooled and thermalize with the Potassium 
atoms. Since a freely adjustable magnetic field is desirable for further 
investigations, the atoms are loaded into a dipole trap shortly before reaching 
quantum degeneracy. Dipole traps created from single and dual foci have been 
investigated and a final number of 1.5·106 Rb and 1.5·106 K atoms at a 
temperature of 800 nK was obtained. Within this trap, rapid adiabatic passages 
are used to prepare mixtures of arbitrary spin states via radio (K) and microwave 
(Rb) frequency ramps.  

Applying a homogeneous magnetic field of up to 600G allows for the 
investigation of heteronuclear Feshbach resonances in this mixture. We have 
recently been able to observe 28 resonances in 10 stable spin configurations. In 
combination with results from molecular spectroscopy, this allows for a large 

2

improvement of the molecular potential. The structure of these resonances 
opens new possibilities for the control of the interactions. 

Figure: Observation of a heteronuclear Feshbach resonance. 

Precise control of the Feshbach resonances will allow for the investigation of 
weakly bound molecules. The transfer of these molecules into deeply bound 
states is one the major current goals in this novel field of quantum chemistry. 
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TUNABLE ALKALI LASERS FOR ATOMIC PHYSICS 
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Abstract: We present a narrowband tunable Cesium vapor laser pumped with a 

continuous wave narrowband laser diode array that can have various applications in 

experimental atomic physics and laser spectroscopy. 

Keywords: Atomic gas lasers, Alkali lasers 

Tunable lasers are an important tool in most experiments concerning laser 

spectroscopy, laser cooling, optical pumping of spin polarized gases and other 

experiments in atomic physics. The most common laser sources for such 

experiments are dye lasers, Ti:Sapphire lasers and optical diodes. Maximum 

output power of these sources is usually less than 5 W which can be a limitation. 

Recently developed diode pumped Alkali vapor lasers [1,2] have demonstrated 

an output power of 13 W and can be scaled to higher powers. In this paper we 

present our results demonstrating single mode tunable Cs atomic vapor laser 

which can find wide applications in atomic physics. 

Cs vapor laser as well as other Alkali lasers (e.g. Rb, K) operate using 

three-level pump scheme suggested by Konefal [3].  An optical pump source 

with a wavelength corresponding to the D2 line (6S1/2  6P3/2) excites Cs atoms 

to the 6P3/2 state.  A buffer gas (usually ethane) provides fast population transfer 

from the 6P3/2 state to the 6P1/2 state that creates population inversion and lasing 

on the D1 transition (6P1/2  6S1/2).

There has been a significant progress in Alkali lasers development during 

the last several years. Cs laser with 81% slope efficiency [4], Rb laser with 59% 

slope efficiency [5] and Potassium laser with 20% slope efficiency [6] were 

demonstrated. Lasers of different types (Ti:Sapphire, single frequency diode 

lasers) were used as pump sources for Alkali lasers. To generate a high output 

power (10 – 100 W), high power diode lasers or arrays must be used. The first 

diode pumped alkali (Cs) laser [1] demonstrated such possibility – a 41% slope 

efficiency was obtained. The most powerful diode pumped alkali (Cs) laser has 

a demonstrated output power of 13 W and a total optical efficiency of 62% [7].    

Using buffer gases for atomic states mixing in alkali vapors leads to 

broadening of the atomic energy levels corresponding to the lasing transition 

P1/2 S1/2 that allows tuning of the lasing wavelength. For example, for the Cs 

laser with 500 torr of Ethane buffer gas, the broadening is about 10 GHz. We 

demonstrated a Cs ring laser operating on single transverse and single 

longitudinal mode with a linewidth less than 3 MHz which can be fine tuned in 

the range of about 14 GHz (from 894.5863 nm to 894.6250 nm). The same 

result can be obtained for other alkali vapor lasers, operating in different spectral 

range.  
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Laser induced coherence can modify linear and nonlinear optical processes in 

atomic medium. Electromagnetically induced transparency (EIT), a quantum 

coherence effect, has been proposed to eliminate the linear absorption and, at 

the same time, to obtain large nonlinear susceptibility. In recent experimental 

demonstrations of four-wave mixing (FWM) with EIT in cold atoms1,2, a four-

level double-  system coupled by three lasers, one weak light with two strong 

lasers can generate a new FWM signal with large efficiency. In this work, we 

compose a symmetrical double-  configuration in a three-level system coupled 

by a bichromatic field and a weak light, and report the experimental observation 

of FWM signal in three-level cold rubidium atoms. The Energy-level structure 

of 85Rb atom and laser coupling scheme are shown in Figure 1 (a). For the weak 

light, there exhibit a series of transparent windows at multiple frequencies as 

shown in Figure 2 (a), which is called bichromatic electromagnetically induced 

transparency and has been experimentally studied by us3. With the backward-

wave geometry of the coupling laser beams as shown in Figure 1 (b), we found 

that the maximum FWM conversion efficiency occurs under the symmetrical 

coupling of the bichromatic field. Under our experimental condition, the 

measured maximum conversion efficiency was about 18%. Due to the simple 

and completely symmetrical configuration, we find that the coherence and 

enhanced nonlinearity of this system should have useful applications in slow 

light propagation and quantum information processing. 

1

2

Figure 1: (a) Energy-level structure of 85Rb and laser coupling scheme. (b) Schematic 

diagram of the experimental setup. M, mirror; PBS, polarizing beam splitter; PD, 

photodiode; AOM, acousto-optic modulator. 

Figure 2. (a) Measured (solid line) and calculated (dotted line) probe transmission, and (b) 

measured (solid line) and calculated (dotted line) FWM signal (normalized relative to the 

probe intensity) versus the probe frequency detuning. The system is under the 

symmetrical coupling condition of  = ( c0 + c1)/2 - 23 = 0 and c1/2  = c0/2  = 

12MHz, p/2  = 0.8MHz.
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Trapped cold neutral atoms have promising applications in quantum information 

processing, as well as fundamental atom-optic research. We are interested in 

investigating small numbers of cold 
87

Rb atoms trapped in a microscopic optical 

dipole trap, as well as using this system to isolate and manipulate single atoms. 

To achieve these goals, we are currently investigating techniques for cooling a 

single atom in an optical tweezer towards the ground state of the trap.    

We have built an optical system designed to capture and observe a single 

neutral atom in an optical dipole trap, created by focusing a laser beam at 850 

nm using a large numerical aperture (N.A.=0.5) aspheric lens [1], as shown in 

Figure 1(a). This optical system is diffraction limited over a broad spectral range 

(~200 nm) with a large transverse field (± 25 m). The optical tweezer, created 

at the focal point of the lens, is able to trap single 
87

Rb atoms and to detect them 

individually with large collection efficiencies. We observe the fluorescence of 

the trapped atoms at 780 nm with a CCD camera with low read-out noise, as 

well an avalanche photodiode (APD) as shown in Figure 1(b). The histogram of 

this measured fluorescence in Figure 1(c) shows that we can discriminate 

between the presence and absence of an atom within in 10 ms with a confidence 

of better than 99%. 

We are currently investigating techniques for cooling the single atom in the 

dipole trap. We have used an optimized cooling sequence to achieve a single 

atom temperature of Tatom= 30.0 K for an optical trap depth of 2.8 mK. We are 

currently investigating the effect on the temperature of the trapped atom after 

adiabatically lowering the depth of the dipole trap. Figure 1(d) shows the 

preliminary experimental results of the temperature of the single atom after the 
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dipole trap has been adiabatically lowered from an initial depth of Uinitial = 2.8 

mK to a variable final trap depth Ufinal, in a constant cooling time of 2.5 ms. 

Using this technique, we have measured a lowest temperature of Tatom= 0.4 K, 

corresponding to a final trap depth of Ufinal = 2 K. 

Figure 1. (a) Schematic of the single-atom trapping experiment. (b) Fluorescence of the single atom 

measured by the avalanche photo diode. Each point corresponds to a 10 ms time bin. (c) Histogram 

of the measured fluorescence recorded over 100s. (d) Preliminary experimental results of the 

temperature of the single atoms in the dipole trap after the trap depth has been adiabatically lowered 

from an initial depth of Uinitial = 2.8 mK to a final depth Ufinal.
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Towards a wire-mediated coupling of trapped ions

Tony Lee1, Rob Clark2, Hartmut Häffner1

1Institute for Quantum Optics and Quantum Information, Innsbruck, Austria
2Research Laboratory of Electronics and Department of Physics, Massachusetts

Institute of Technology, Cambridge, USA

An oscillating trapped ion induces oscillating image charges in the trap
electrodes. If this current is sent to the electrodes of a second trap, it influ-
ences the motion of an ion in the second trap. This inter-trap coupling may
be used for scalable quantum computing, cooling ion species that are not
directly accessible to laser cooling, for the non-invasive study of supercon-
ductors, and for coupling an ion-trap quantum computer to a solid-state
quantum computer, e.g. a system of Josephson junctions.

We have set up a planar Paul trap with the goal to demonstrate this
inter-trap coupling. In this trap, single calcium ions are confined 800 μm
above the trap surface. With a piezo translation stage a wire can be brought
close to the ions (< 100 μm) to study the interaction between the wire and
the ion(s). We present first results of the wire’s influence on the ion trapping.

Finally, we will discuss more theoretical aspects; the most relevant
sources of decoherence are heating (e.g. Johnson noise) and dephasing of the
electronic wave function inside the wire. However, using superconducting
transmission lines, a coherent current transport over macroscopic distances
(>1 mm) is possible. In addition, Johnson noise heating would be greatly
reduced, and the coherent coupling of two ions would become feasible. The
expected time for a complete exchange of the ionic motional states is 1 ms
for an ion-wire distance of 50 μm.
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Quantum information processing with trapped ions at NIST
∗

D. Leibfried†, J. Amini, R.B. Blakestad, J.J. Bollinger, J. Britton, K.R. Brown, R.
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†E-mail: dil@boulder.nist.gov

Atomic ions confined in an array of interconnected traps represent a
potentially scalable approach to quantum information processing. All basic
requirements have been experimentally demonstrated in one and two qubit
experiments. The remaining task is to scale the system to many qubits
while minimizing and correcting errors in the system. While this requires
extremely challenging technological improvements, no fundamental road-
blocks are currently foreseen. The poster will give a survey of recent exper-
imental progress at NIST in practically implementing quantum algorithms
with up to 6 qubits. It will also discuss some new approaches to minimizing
the overhead of laser beam control in large scale implementations.

∗ Work supported by DTO.
� present address: Lockheed Martin,Palmdale CA, USA
‡ present address: Weizmann Institute of Science, Rehovot, Israel
§ present address: Universität Ulm, Ulm, Germany
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OH Stark deceleration: magnetic trapping, precision

measurement, and prospects for cavity-assisted laser cooling

Benjamin Lev, Brian Sawyer, Benjamin Stuhl, Mark Yeo, and Jun Ye

JILA, National Institute of Standards and Technology and the University of Colorado
Department of Physics, University of Colorado, Boulder, Colorado 80309-0440, USA

E-mail: benlev@jila.colorado.edu

The experimental realization of large samples of ultracold, ground state polar
molecules would be a major breakthrough for research in ultracold collisions
and chemistry, quantum information processing, and the study of novel states
of matter. To accomplish this goal, our research employs a Stark decelerator
to slow a supersonic expansion of OH in its rovibronic ground state. At the
decelerators terminus, a 30 mK OH packet of density 104 cm−3 is caught and
confined in a magnetic quadrupole trap. An adjustable electric field of sufficient
magnitude to completely polarize the OH is superimposed on the trap in either
a quadrupole or homogenous field geometry. The trap dynamics deviate from
that governed by simple addition of the fields forces on OH’s magnetic and
electric dipoles. Confinement of cold polar molecules in a magnetic trap, leav-
ing large, adjustable electric fields for control, is an important step towards the
study of low energy dipole-dipole collisions. The cold molecular packets pro-
duced via Stark deceleration have enabled us to perform precision microwave
spectroscopy of the OH ground state structure, which serves as an important
system for constraining variation of fundamental constants and for molecular
quantum information processing. Future experiments will require much colder
molecules, and we will briefly discuss prospects for cavity-assisted laser cooling
of OH.
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OBSERVATION OF THE DECONFINEMENT CROSSOVER IN A 
SUPERFLUID ARRAY FROM INSULATING 2D BEREZINSKII-
KOSTERLITZ-THOULESS LAYERS TO A 3D ANISOTROPIC 

SUPERFLUID

WEI LI,  HUI-CHUN CHIEN, AND MARK A. KASEVICH 

Physics Department, Stanford University, Stanford, CA  94305

Although the past decade has seen significant advances in understanding the mechanism 
for high-temperature superconductivity in the cuprates, a definitive understanding of 
these materials remains elusive. There is recent evidence that electron pairing occurs at 
temperatures above the observed superconducting transition temperatures.   In this case, 
superconductivity is associated with the phase ordering of adjacent layers of interacting 
bosons.   Such a system can be studied with ultra-cold bosonic atoms in a one- 
dimensional optical lattice. 

In this work, we use Bose-Einstein condensed 87Rb atoms confined in a far-detuned one-
dimensional optical lattice (1) to investigate a finite temperature deconfinement transition 
from insulating two-dimensional Berezinskii-Kosterlitz-Thouless (BKT) layers (2,3)  to a 
three dimensional anisotropic superfluid.   Using the renormalization group methods of 
Ref. 4, we obtain quantitative agreement with theory for the observed superfluid fraction 
and transition temperature as a function of the tunable tunnel coupling between adjacent 
lattice planes.  For deep lattices, where tunneling between layers is frustrated, we observe 
universal BKT behavior, as illustrated in Fig. 1.   In addition to interferometric probes of 
long range phase order, we demonstrate superfluid flow with direct transport 
measurements.  

1

2

Fig.1 The two-dimensional superfluid density SF vs. transition temperature Tc for various 
lattice depths.  A fit to SF=C* dB yields C = 3.84 (0.18).  
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Absolute frequency measurement of 2S-3S two-photon

spectroscopy of
6,7

Li

Yu-Hung Lien, Jwo-Sy Chen, Chia-Hsiang Hsu, Yi-Wei Liu, Jow-Tsong Shy

Department of Physics, National Tsing Hua University, Hsinchu, 30013, Taiwan

The absolute frequency measurement of 2S-3S two-photon transition of 6,7Li

has been pursued by the combination of laser induced fluorescence on an atomic

beam and an optical frequency comb for frequency measurement. The prelim-

inary results are acquired and show some discrepancies from previous results.

Further investigations are in progress.

Keywords: lithium, two-photon, absolute frequency measurement

1. Introduction

Being the simplest three-electron system, lithium atom serve as the play-
ground of many studies such as higher order relativistic and QED cor-
rections and so on. One of the latest advances is the determination of nu-
clear charge radius of lithium isotopes by 2S-3S two-photon spectroscopy.1,2

However, the transition frequencies are measured by indirect approach. In
order to pursue better accuracy, the absolute frequencies of 2S-3S two-
photon transitions of 6,7Li are directly measured by an optical frequency
comb in our laboratory.

2. Setup and Preliminary Results

A 735 nm Ti:sapphire laser is used in the experiment. The light is split for
the ratio 10–90%. The strong beam is chopped by a 510 Hz optical chopper
and then directed into the chamber. The weak beam is further split for
frequency measurement, linewidth reduction and power calibration. The
linewidth reduction is achieved by stabilizing laser frequency on a cavity
whose finess is ≈ 20.

An atomic beam system is set up for two-photo spectroscopy of lithium.
A stainless steel oven for lithium is heated to 450 ◦C to generate the lithium
beam. The interaction chamber is differentially pumped to 8 × 10−6 torr.

2

The 735 nm laser beam is perpendicular to the atomic beam and focused on
the intersection. The intensity is about 2.7×103 W/cm2. A mirror (R = 25
cm) is used to reflect the beam backward. The induced 2P–2S fluorescence
is collected by a lens and detected by a PMT.

The frequency measurement is accomplished by an optical frequency
comb (OFC). This OFC is based on a femtosecond Ti:sapphire laser (Giga-
jet 20) whose repetition frequency is about 1 GHz and pulse width is about
35 fs. The spectrum of femtosecond laser is expanded by a photonic crystal
fiber. The offset frequency is locked by f-2f self-referencing scheme. Both
the repetition and offset frequency are referenced to a GPS disciplined Rb
frequency standard (PRS10) whose accuracy is about 10−12. The frequency
of 735 nm light is first determined up to GHz accuracy by a wavemeter and
then heterodyning with OFC to determine the residue. The beat frequency
is counted by an universal counter.

The spectrum of 7Li 2S-3S F=2–2 is shown in Fig. 1. The scan rate
of laser frequency is about 1.6 MHz/s. The preliminary laser frequencies
for F=2–2 and F=1–1 two-photon transitions are 407,808,974.87(13) and
407,809,283.21(21) MHz respectively. There exist several MHz discrepancy
with the best previous results.1 Further investigation is under way and the
final results will be presented at the conference.
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AMPLIFIER DESIGN IMPLEMENTING HOLLOW-CORE PHOTONIC 
BANDGAP FIBER FOR FIBER-LASER BASED INFRARED 

FREQUENCY COMBS 

JINGANG LIM, DANIEL V. NICKEL, BRIAN R. WASHBURN 

Department of Physics, Kansas State University, 116 Cardwell Hall 
Manhattan, KS 66503, USA

Infrared frequency combs based on mode-locked erbium-doped fiber lasers typically require an 

external amplifier since the pulses directly from the laser have insufficient peak power to generate an 

octave-spanning supercontinuum for self-referencing.  Here we implement a unique, all-fiber 

erbium-doped fiber amplifier that uses hollow-core photonic bandgap fiber for pulse compression.  

Through a combination of experiment and numerical simulations we have demonstrated temporal 

compression in the hollow-core photonic bandgap fiber, thus increasing the pulse’s peak power. 

1 Introduction 

Mode-locked erbium-doped fiber lasers produce the ideal frequency comb for infrared 

optical frequency metrology [1, 2].  By phase-locking the repetition rate, fr, and the 

carrier-envelope offset frequency, fCEO , to a stable RF or optical frequency, the resulting 

comb can be used as spectral ruler for measuring infrared optical frequencies [3].   

One difficulty that fiber-laser based frequency combs have compared to their solid-

state counterparts is that pulses directly from the laser do not have enough peak power to 

generate the octave bandwidth for fCEO detection.  External amplification is used to 

increase the pulse energy and decrease the pulse duration.  This is accomplished using an 

erbium-doped fiber (EDF) amplifier [1] of three fiber sections (Fig. 1a).  The first section 

contains a single-mode fiber (SMF) which has anomalous dispersion at 1550 nm.  This 

section chirps the pulses before they are injected into the normal dispersion EDF section.  

Here the pulses experience gain but the normal dispersion prevents solitonic spectral 

broadening from occurring.  In the post-chirp SMF section the dispersion is again 

anomalous and nonlinear solitonic effects are used to temporally compress the amplified 

pulses.  Typically pulses can be temporally compressed by over 30% and experience 

larger than 10 dB gain.  

Although this amplifier can produce short pulses, it does not efficiently use the 

bandwidth produced by nonlinear interactions in the EDF.  The solitonic fiber 

nonlinearities in the post-chirp section cause pulse distortions and degrade the 

compression from the transform-limit.  Instead of using nonlinear methods for pulse 

compression, we replace the nonlinear SMF with a hollow core photonic bandgap fiber 

(PBGF) in the post-chirp section.  The effective nonlinearity of the PBGF is ~1000 times 

less than that of SMF since the pulse propagates in air in the PBGF, but it also exhibits 

anomalous dispersion (-11 10-5 fs2/nm) for temporal compression.  We have 

2

demonstrated pulse compression with an EDF amplifier implementing hollow-core 

PBGF for pulse compression.  Furthermore, we have numerically modeled nonlinear 

pulse propagation by solving the nonlinear Schrödinger equation for propagation in the 

SMF, EDF, and PBGF sections. 

2 Numerical and Experimental Results of Pulse Compression 

The numerical and experimental results involve the amplification and temporal 

compression of 209 fs full-width at half-maximum (FWHM) pulses from an erbium-

doped figure-eight laser.  Numerical solutions to the nonlinear Schrödinger equation 

were performed to understand the pulse evolution though the amplifier.  Care was taken 

to include the effects of dispersion, nonlinearity, gain, and gain dispersion.  Figure 1b 

shows a numerical solution that illustrates pulse compression.  The pulse propagates 

through 6 m of EDF and is compressed to 50 fs after 0.3 m of PBGF. 
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Figure 1.  a) Schematic of the amplifier.  b) Numerical simulation of pulse compression in the fiber amplifier.  

Top: the input, 210 fs transform-limited pulse from the figure-eight laser.  Bottom: Output pulse from the 

amplifier showing temporal compression to 50 fs FWHM.   

A series of experiments measured the pulse compression produced by an all-fiber 

amplifier design where the PBGF was directly spliced to the EDF [4].  The pulse 

duration was measured before the amplifier, after the EDF and after the PBGF.  The 

duration increased from 210 fs to 800 fs in the EDF and the pulse was compressed to 

110 fs in the PBGF.  The difficulty in experimentally obtaining the 50 fs pulses arises 

due to a technical inability to cut off millimeter lengths of the PBGF. 
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Strontium Optical Lattice Clock: High Accuracy and Stability
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We report recent developments in an optical atomic clock based on neu-
tral strontium confined in an optical lattice. We first describe the accuracy
evaluation of such a clock to the 7×10−16 fractional level. Furthermore, we
measure the absolute clock frequency against the NIST-F1 Cs fountain to a
1.1 Hz uncertainty, dominated by the Cs-calibration of the hydrogen maser
used for the measurement. These results were facilitated by interrogation
of the Sr clock transition with a linewidth as small as 1.8 Hz.

As has been long anticipated, these optical systems have the potential
for very high stability, even at shorter time scales. We discuss our current
estimates of the clock instability at a few 10−15 at 1 second as well as ap-
propriate steps for further improvement towards quantum-projection-noise-
limited operation. We also describe an optical standard transfer scheme ca-
pable of making remote (tens of km) comparisons between optical frequency
standards at instabilities below 10−17 at 1 second. We discuss preliminary
results of a remote optical comparison of the Sr standard to other NIST
optical standards in the Boulder area3 using this transfer system and we
consider important features for continued improvement of overall clock per-
formance in the near future.
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PRECISE LASER SPECTROSCOPY AND MEASUREMENT 
ACROSS THE OPTICAL SPECTRUM USING OPTICAL 

FREQUENCY COMBS  
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We present experimental results dealing with recent work in the application of optical 
frequency comb technology for the precise measurement of reference spectral lines in 
atomic and molecular systems spanning from 0.4 to 1.5 µm.  

1.   Introduction: 

The development of mode-locked laser based optical frequency comb 
technology has opened new possibilities in precision laser spectroscopy. Using a 
high quality atomic time standard as a reference, the measurements performed 
by such systems are frequently limited solely by the precision and accuracy of 
the laser spectroscopic probe system used to investigate the atomic or molecular 
sample.  

2.   Measurements of Rb Reference Transitions at 422nm: 

Although the resonance transitions of the alkali atoms have been 
extensively studied and used for the verification of detailed atomic structure 
calculations and fundamental constant studies[1], measurements of the longer-
lived, higher lying states have been performed at significantly lower accuracies. 
Recently, we have developed a 422 nm diode laser based Rb spectrometer 
probing the 5s 2S1/2- 6p 2P1/2 transition using saturation spectroscopy with 

accuracies at the 10’s of kHz level. We have extended the range of our NRC 
Ti:Sapphire based optical frequency comb system by frequency offset locking a 
frequency doubled 844 nm diode laser system to the 422 nm probe laser. Twelve 
transition components for the 85Rb and 87Rb isotopes were measured for this 
system representing a four orders of magnitude improvement in the knowledge 
of this transition frequency. The lines obtained at 422 nm are among the most 
accurately known reference lines in the violet region of the spectrum. 

3.   Infrared Reference Wavelengths Measured Using a Fiber Based 
Frequency Comb System: 

A self-referenced mode-locked fiber laser system using a stretched pulse 
erbium doped fiber laser was developed. The comb is capable of measuring laser 
sources from 1 to 2 µm wavelengths. The system was applied to the 
measurement of reference lines in 12C2HD of the 2ν1 band between 1512 nm and 
1537 nm. A cavity enhanced saturation absorption spectrometer was employed 
in the work, which had been used in the measurement of other isotopes of 
acetylene [2]. Accuracies of several lines were obtained at a level of 1.3 kHz 
(7 × 10-12) and a total of 55 new lines were measured for an improvement of 
over 103 in accuracy. The results provide additional high quality reference lines 
for the telecom region of the spectrum together with improved values of the 
ground state constants.  

4.   Comb Based Measurement of the Sr+ 445 THz Clock Transition: 

The Sr+ 5s 2S1/2 – 4d 2D5/2 transition at 445 THz has been extensively 
studied by our group and that of NPL and has been selected as a secondary 
realization of the second. Recently, we have been able to resolve the reference 
transition at the level of better than 5 Hz (1 × 10-14) using an improved probe 
laser system. The NRC Ti:Sapphire frequency comb has been used in optical 
frequency measurements yielding inaccuracies at the few Hz level of this clock 
transition [3]. We will describe the extension of the fiber laser comb for the 
measurement of the 445 THz radiation and its operation for extended periods 
thus creating true clockworks for the next generation optical time standards. 
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Trapping of rubidium atoms by AC electric fields
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We have demonstrated trapping of cold ground-state 87Rb atoms in a
macroscopic AC electric trap.1 Such an AC electric trap has been previously
used to confine polar molecules.2 In addition, electrodynamic trapping of Sr
atoms has also been demonstrated on an atom chip.3 The operation princi-
ple of an AC electric trap for neutral particles4 is analogous to that of the
Paul trap for ions. A potential energy surface is created with a saddle point
at the trap center, resulting in attractive forces (focusing) in one direction
and repulsive forces (defocusing) along the other two directions. The elec-
tric field configuration is then switched to a second one in which the roles
of the forces are reversed. Alternating between these two configurations at
the appropriate frequency leads to dynamic confinement of the particles.
The calculated potential-well depths for Rb are on the order of 10 μK.

In the experiment, the Rb atoms are cooled in a standard MOT loaded
from a Zeeman slower. After loading the atoms into a spatially overlapped
quadrupole magnetic trap, a density on the order of 1010 atoms/cm3 and
a temperature of about 100 μK are measured. The cold Rb cloud is then
transferred, by physically moving the magnetic field coils, into a second
vacuum chamber housing the AC trap. High voltage is applied to the four
AC trap electrodes after ensuring that the magnetic field is completely off.

We have observed trapping of about 105 atoms at a switching frequency
of 60 Hz with trap lifetimes on the order of 5 s. Absorption images of the
Rb cloud taken at various phases of the AC switching cycle show changing
shapes, reflecting the focusing and defocusing forces acting on the atoms
along the r and z directions (see Fig. 1). In addition, we have observed
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Fig. 1. Absorption images of the Rb cloud at different times within the 61st switching
cycle, i.e., at the beginning, middle, and end of the ρ-focusing (a-c) and at the middle and
end of the z-focusing (d,e) phase. The corresponding times are indicated in the switching
pattern; the switching frequency is 60 Hz, giving a period of T = 16.7 ms. The image
area is 2.2× 2 mm2, such that the field of view covers exactly the space between the two
ring electrodes. Each image is obtained by averaging 100 pictures and the corresponding
optical density is indicated by the color scale.

a strong dependence of the number of trapped atoms on the switching
frequency, in agreement with trajectory calculations.

Acknowledgments

This work is part of the research program of the “Stichting voor Funda-
menteel Onderzoek der Materie (FOM)”. A. M. is a research fellow of the
Alexander von Humboldt Foundation.

References

1. S. Schlunk et al., http://arxiv.org/abs/physics/0702119 (2007), accepted for
publication in Phys. Rev. Lett.

2. J. van Veldhoven, H. L. Bethlem, and G. Meijer, Phys. Rev. Lett. 94, 083001
(2005).

3. T. Kishimoto et al., Phys. Rev. Lett.96, 123001 (2006).
4. E. Peik, Eur. Phys. J. D 6, 179 (1999).

106

Poster No. 62



1

Frequency Comb Spectroscopy of Laser Cooled Rubidium-85

M. Maric, J.J. McFerran, and A.N. Luiten

Physics M013, University of Western Australia,
Nedlands, WA 6009, Australia
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We will report accurate laser spectroscopy of the Rubidium D1 line using a
continuous wave laser that has been frequency stabilized to a frequency comb.

Keywords: Laser Spectroscopy, Rubidium, Frequency Comb

Frequency combs emitted by mode-locked lasers (MLL) are providing
the basis for a revolution in laser spectroscopy by giving a means for sim-
ple and accurate optical frequency measurements. An MLL generates a set
of optical signals with frequencies given by fn = f0 + nfr, where the two
frequencies f0 (offset frequency) and fr (repetition rate) are readily mea-
surable. We will make use of an optical frequency comb to perform accurate
spectroscopic measurements on the 5P1/2 level of laser cooled 85Rb atoms.
The hyperfine splitting of this level is known only at the 7-40 kHz level with
a large discrepancy between the results from the two leading groups.1,2 The
use of a laser cooled sample, in contrast to the vapour measurements of the
past, avoids collisional shifts and eliminates peak pulling from nearby cross-
over peaks. In our first spectroscopic measurement we used the frequency
comb directly on the atoms. In the second technique we frequency locked a
continuous-wave tunable laser to a mode of the frequency comb and used
this stronger cw signal to drive the optical transition.

The Ti:sapphire MLL produces pulses with a spectral width of 20nm
centered on 805 nm overlapping the D1 and D2 lines of Rubidium. This laser
interrogates a Rb magneto-optical trap (MOT) that holds approximately
107 atoms at a temperature of around 100μK. For the initial direct comb
experiments a 1 s cooling and preparation phase left atoms in the 5S1/2, F=3
ground state (see Fig. 1a). This was followed by 3 ms interaction between the
pulse train and atoms, and then a read-out phase to measure the number
of atoms left in the initial state. The MLL repetition rate was scanned
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Fig. 1. (a) Simplified schematic of the energy levels of Rb. In addition, we show the
cooling and repumper laser that form the Rb MOT, the probe laser provided by an
optical frequency comb or the stabilized cw Ti:S laser. The read-out laser was used to
measure the number of atoms left after interrogation (b) Preliminary results of MOT
fluorescence as a cw laser is scanned through the D1 line. The second trace shows the
saturated absorption spectrum of a Rb vapour cell.

over 20 kHz (optical tuning range of around 7 GHz) in 10 Hz steps and
narrow dark resonances were observed when a mode of the MLL induces a
transition. It was not possible to stabilize the offset frequency of the comb
in this experiment as all the comb power was needed to drive transitions in
the laser cooled sample.3 The absence of stabilization causes indeterminable
optical frequency shifts at the level of a few MHz over the duration of the
experiment.

In order to overcome this issue a tunable cw Ti:S laser was stabilized
with a frequency-locked loop4 to a mode of the comb with a fractional
frequency instability of around 10−12. In addition, the optical comb mode
frequencies were stabilized to better than 10−13 by locking the repetition
rate to a H-maser referenced synthesizer, and the offset frequency using
the self-referencing technique.3 In this case we observed strong and narrow
absorption features as the cw laser is scanned across the D1 line. A prelim-
inary measurement of the MOT fluorescence is shown in Fig. 1b. We will
present frequency measurements at the conference.
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DIRECT SPECTROSCOPY OF CESIUM IN A VAPOR CELL

WITH A FEMTOSECOND LASER FREQUENCY COMB
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Vladislav Gerginov2 and Carol A. Tanner2
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80305,

1National Metrology Institute of South Africa, P.O. Box 395, Pretoria, 0001, and the

School of Physics, University of the Witwatersrand, Private Bag 3, WITS, 2050, RSA,
2Department of Physics, University of Notre Dame, Notre Dame, Indiana 46556-5670

∗E-mail: sdiddams@boulder.nist.gov

We excite, using a comb of modes from a mode-locked Ti: Sapphire
laser, the low lying even parity states 8s 2S1/2, 9s 2S1/2, and 7d 2D3/2,5/2

in a neutral cesium vapor at room temperature. The output from a single
femtosecond frequency comb is split, focused and sent counterpropagat-
ing to the atomic vapor. Laser induced fluorescence of the decay from 7p
states is detected by a photo multiplier tube (PMT). Figure 1(a) shows the
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Fig. 1. The experimental arrangement, and the energy diagram of the states excited in
this work.

experimental setup and Fig. 1(b) the states excited with their excitation
pathways and decay scheme. The collected spectrum is rich, containing no

2

fewer than 90 resonance peaks and a broad background. The narrow peaks
are due to stepwise excitation of two-photon transitions by the counterprop-
agating light fields. Filtering the light beams selects only comb modes near
specific atomic transitions, allowing for the isolation and identification of
the excited states. Using a simple two-photon transition probabilities equa-
tion1 the spectra can be simulated. Figure 2(a) shows the entire collected
fluorescence spectrum (without filters), and Fig. 2(b) shows the collected
and calculated 9S spectra. Using nonlinear least squares fitting routines we
extract the center of gravity frequencies with statistical fractional uncer-
tainties < 10−10. The hyperfine electric quadrupole coupling for the 7D
states is measured for the first time, to our knowledge. The total uncer-
tainties are estimated not to exceed 100 kHz for the absolute frequencies.
These uncertainties are comparable to a recent report2 of the 8S state, and
represent two orders of magnitude improvements in measurements of the
other states.3–5
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Fig. 2. The spectrum collected without filtering the counterpropagating light beams is
shown in (a), while (b) shows the collected and calculated 9S spectra.
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A FUNDAMENTALLY MODE-LOCKED Yb-Er CO-DOPED
FIBER LASER WITH A REPETITION RATE OF 860MHz
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We report on the development of a passively mode-locked Yb-Er co-doped
fiber laser with a repetition frequency, frep, of 860 MHz. The laser, centered
at 1.54 μm, exhibits a single pulse per round trip and is free of Q-switching.

Keywords: Ytterbium; Erbium; Mode-locked laser; Fiber laser.

High repetition rate mode-locked lasers are advantageous in experiments
requiring large mode spacing between comb elements, such as Fourier trans-
form spectroscopy, frequency metrology and telecommunication applica-
tions. The high repetition rate laser described here uses a gain medium of
phosphosilicate fiber co-doped with Yb and Er ions and has a core-pumped
geometry. This fiber’s application to mode-locked lasers appears rather in-
frequently. In one instance the Yb-Er fiber laser contained a semiconductor
saturable absorber mirror (SAM),1 where a fundamental frep of 295MHz
was achieved. In another development the saturable absorber is formed
from single-walled carbon nanotubes,2 where frep=5 GHz was produced.
While this approach seems very promising, the robustness of the carbon
nanotubes needs to be improved before mode-locked lasers based on the
technology become reliable.3

The laser here is composed of 8 cm of Yb-Er co-doped fiber spliced
to 2.5 cm of single-mode fiber (SMF). A standing wave cavity is formed
between a SAM at one end and a partially reflective (95%) mirror at the
input of the Yb-Er fiber, which acts as the output coupler. The light exiting
the SMF is collimated, then focused by a second lens onto the SAM, where
the spot size is ∼2.0μm in radius. The gain fiber is driven by an optically
pumped semiconductor laser with λ = 977 nm. The optical power reaching
the fiber laser cavity is ∼ 380 mW.

The SAM has a modulation depth of ∼0.1 to facilitate mode-locking.

2

Its saturation fluence is ∼25 μJ/cm2, relaxation time constant ∼ 2 ps, non-
saturable loss ∼10%, and the group delay dispersion is ∼ −2000 fs2 at
1540 nm. Dispersion measurements of the Yb-Er fiber give β2 = +14.0 ±
0.2 ps2/km at 1540 nm. Combined with the dispersion of the SMF and the
SAM, the net group delay dispersion of the laser is ∼ −660 fs2.

Fig. 1a shows a train of pulses emitted from the Yb-Er laser. The pulses
exhibit constant amplitude indicating cw mode-locked behaviour. The mi-
crowave spectrum of Fig. 1b shows the frep signal and its harmonics out
to high frequency. The uniform intensity of the harmonics indicates single
pulse per round trip propagation.
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Fig. 1. a) Pulse train from the frep=866MHz Yb-Er fiber laser; b), c) and d) RF
spectra of light from the Yb-Er laser with rbw of 3 MHz, 30 Hz and 10 kHz, respectively.

Examining frep more closely (and offset to 0 Hz) we see the narrow
feature shown in Fig. 1c (res. bw = 30 Hz). Fig. 1d displays frep with a
span of 20MHz, demonstrating the absence of sidebands associated with
Q-switching. At present the spectral width of the pulses is limited by the
bandwidth of the gain medium and this limits the pulse width to ∼1.7 ps.
Loss changes to the cavity have had little influence of the spectral output,
however, attempts at gain flattening with filters may prove to be an effective
means of manipulating the spectral width.
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Transfer of coherence enhanced stimulated emission and
electromagnetically induced absorption in Zeeman split

Fg → Fe = Fg − 1 atomic transitions

R. Meshulam, T. Zigdon, A. D. Wilson-Gordon, and H. Friedmann

Department of Chemistry, Bar-Ilan University, Ramat Gan 52900, Israel

We show that the probe absorption spectrum in multi-tripod systems,
formed when a weak σ polarized pump and a tunable π polarized probe
laser interact with an Fg → Fe = Fg − 1 transition [see Fig. 1(a) and (b)],
in the presence of a weak magnetic field, is characterized by two interfering
stimulated Raman features separated by an electromagnetically induced
absorption (EIA) peak at line center.

Fig. 1. Energy-level scheme for (a) and (b) Fg = 2 → Fe = 1 in D2 line of 85Rb, (c)
and (d) Fg = 1 → Fe = 0 in D2 line of 87Rb. In (a) and (b), the populations of the
Zeeman sublevels are written on the multi-tripod schemes for the parameters V1/Γ = 1,
Γgg/Γ = 0.0005, γ/Γ = 0.001, and N = 1012 atoms cm−3, with B = 0 in (a) and
B = 1G in (b). In (c), the pump is σ+ polarized (Λ system) whereas in (d) the pump is
σ polarized (tripod system).

2

At moderate pump intensities, the stimulated Raman features resemble
electromagnetically induced transparency (EIT), windows as observed by
Lezama et al. (see Fig. 8 of1). However at higher pump Rabi frequencies,
they appear as stimulated emission peaks centered near the Raman fre-
quencies, which gradually become weaker and move towards line center as
the pump becomes more intense. We show that both the central absorption
peak and the stimulated emission peaks result from the combined effects
of interfering stimulated Raman features and transfer of coherence (TOC)
from the excited state to the ground state. TOC has previously been shown
to lead to EIA in degenerate Fg → Fe = Fg + 1 transitions,2,3 due to in-
complete population trapping in the Zeeman sublevels of the ground state.
Such incomplete population trapping also occurs in multi-tripod systems,
when the degeneracy is lifted by applying a weak magnetic field [see Figs.
1(a) and (b)].
The origin of the stimulated emission peaks can be understood by con-

sidering a simple near-degenerate Λ system, such as the one shown in Fig.
1(c) formed when a near-degenerate Fg = 1→ Fe = 0 transition is pumped
by a near-resonant σ+ polarized pump of frequency ω1, and probed by a
tunable π polarized probe of frequency ω2. It can be shown both analytically
and numerically, that when the pump is sufficiently weak so that optical
pumping cannot completely overcome the repopulation of state mg = −1
from the reservoir, stimulated emission appears at the Raman resonance fre-
quency. When the pump is changed from σ+ to σ polarization, under the
same conditions, a tripod system is obtained [Fig. 1(d)] whose probe ab-
sorption spectrum consists of two stimulated emission peaks at the Raman
frequencies, separated by a sharp EIA peak. At higher pump intensities, all
the population is pumped into the mg = 0 sublevel, and two EIT windows
are obtained.4
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SPECTRA OF BA AND BA
+
IN SOLID AND LIQUID XE AND AR

FOR BA TAGGING IN XE-136 DOUBLE BETA DECAY
*
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FOR THE THE EXO COLLABORATION

As a step toward in-situ single 136Ba daughter detection in neutrinoless double beta decay,

we report spectra of Ba atoms in solid argon and xenon and Ba+ ions in liquid xenon.

To achieve a neutrino mass sensitivity of 0.01 eV in neutrinoless double beta

decay, an isotopically enriched sample of ton size and zero background is

required. In the Enriched Xenon Observatory (EXO) experiment, it is proposed

that detection of the
136

Ba daughter ion from
136

Xe double beta decay by laser

fluorescence will provide an additional signature leading to zero background [1].

This may occur in liquid xenon (LXe) at the decay site [2], after trapping the ion

in solid xenon (SXe) on a cold fiber probe sent to the decay site, or in a linear

trap after release from a probe removed from the detector. In this paper we

report progress toward single Ba or Ba
+

detection in LXe and SXe.

Absorption and emission spectra for Ba atoms in solid argon (SAr) and SXe

have been taken by co-depositing Ba and Ar or Xe in high vacuum on a sapphire

window or single-mode fiber cooled by a cryostat to around 15K. Results for

SAr are shown in Figure 1. At low temperature, triplet absorption features from

Figure 1. Absorption and emission spectra of 1013 Ba atoms in solid argon at different temperatures.

* This work is supported by the Department of Energy grant number DE-FG02-03ER41255.
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two different lattice sites are observed. Two interesting temperature

dependences are apparent. First, as the temperature is raised to 24K, site A

absorption and emission converts to signal from site B. This is evidence for

irreversible annealing of the lattice. Second, as the temperature is further raised,

the fluorescence decreases, but then recovers as the temperature is lowered.

This is likely a reversible temperature-dependent change in fluorescence

efficiency. At around 34K, near the temperature where the SAr layer

evaporates, absorption and emission disappear. Similar results are obtained in

solid xenon, except that the corresponding temperatures are about 1.5x as high.

Current work is focused on doing Ba in SAr and SXe spectroscopy on the end of

a single mode fiber first using 10
7

atoms and then being able to detect one Ba

atom. We are also preparing to do spectroscopy of Ba
+

ions deposited in SAr

and SXe.

Excitation and fluorescence spectra of ~10
8

Ba
+

ions flowing in an electric

field through LXe after creation by laser ablation above the surface are shown in

Figure 2. Significant features are (a) the expected two or three broad peaks of

the 6s-6p transition near the gas phase transitions (shown by arrows) and (b) a

broader and red-shifted emission spectrum, which probably includes both the

6p-6s and 6p-5d transitions.

Figure 2. Excitation and emission spectra of 108 Ba+ ions in liquid xenon at 170K.

From observations to date, detection of single Ba atoms in SXe or single

Ba
+

ions in LXe or SXe is very promising with increased laser power and

detection efficiency, repumping with a red laser to overcome population buildup

in the 5d state and improved filtering to reduce stray light.
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BOSE-EINSTEIN-CONDENSATE INTERFEEOMETER ON AN 
ATOM CHIP WITH A LONG COHERENCE TIME*

KEN’ICHI NAKAGAWA, MUNEKAZU HORIKOSHI†

Institute for Laser Sciencet, University of Electro-Communications,1-5-1 Chofugaoka, 
Chofu, 182-8585, Japan

We demonstrate an atom interferometry with a long coherence time using Bose-Einstein 
condensates of 87Rb atoms on an atom chip. Dephasing of wave packets due to the trap 
potential is reduced by applying two Bragg laser pulses with an time interval T equal to 
the oscillation period of the magnetic trap. We observe a high contrast (~ 30 %) 
interference fringe signal for T = 58 ms.  

Recently many attentions have been paid to atomic interferometry using 
Bose-Einstein condensates in a trap or waveguide because of its inherent long 
interrogation time [1-4]. However, the various dephasing effects due to the 
atom-atom interaction and/or the trap potential limit the maximum interrogation 
time [1-4]. Although the atom-atom interaction can be reduced by lowering the 
atomic density or using a number squeezed state of atoms [2,3], the dephasing 
due to the trap potential is still a problem for the realization of long 
interrogation time [4]. In this paper, we present a novel interferometer using 
Bose-Einstein condensates with a long interrogation time of more than 50 ms. 

The experimental setup and procedure are similar to those of our previous 
experiment [4][5]. Bose-Einstein condensates of about 3 x 103 87Rb atoms in the 
F  = 2, mF = 2  state is loaded into a micro magnetic trap on an atom chip [5].  
The axial trap frequency ( axial) is about 17 Hz (or 10 Hz) and the radial trap 
frequency is 60 Hz. We use a Bragg diffraction of atoms using two off-
resonance counter-propagating laser beams as a beam splitter for the atom [4]. A 
first /2 Bragg laser pulse splits a condensate into two momentum components 

k0  and k2 (k=2 / , ~ 779 nm) (Fig. 1). The k2  component starts to 
oscillate in a trap potential. If the anharmonicity of the trap potential is enough 
small, the collective mode motion of the condensate is hardly excited during the 

                                                          
* This work was partly supported by a Grant-in-Aids for Science Research (17340120) from the 

Ministry of Education, Science, Sports and Culture, and a Ground-based Research Program for 
Space Utilization  promoted by Japan Space Forum. 

† Present address: The University of  Tokyo, Bunkyo-ku, Tokyo 113-8656, Japan. 

2

oscillation and the dephasing due to the atom-atom interaction can be 
minimized. When the k2  component returns to the initial position, a second 

/2 pulse is applied to recombine these two components. If the time interval T 
between two pulses is equal to the trap oscillation period ( = 1/ axial), the 
dephasing due to the trap potential is cancelled and a high contrast (~ 30 %) 
interference signal is observed for T = 58 ms (Fig. 2 (a)). When we increase the 
time interval T to 97 ms ( axial = 10 Hz), an interference fringe is washed out 
(Fig. 2 (b)). We attribute this contrast degradation to the external vibrational 
noise which randomly modulates the optical phase of the Bragg pulses. Further 
improvements in the vibrational isolation will allow to realize an interrogation 

time of longer than 100 ms.  

Figure 1. A schematic diagram of the interferometer. 

Figure 2. Interference fringe signals for T = 58 ms (a) and T = 97ms (b). 
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PROBING COLD ATOMS USING A TAPERED OPTICAL 
FIBER*
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We present our recent results on the use of the evanescent field from a tapered optical 

fiber to probe cold, rubidium atoms contained in a magneto-optical trap.  We have used a 

UHV compatible nanopositioning motor in order to move the fiber through the trap 

region.  Photons scattered by the atoms are coupled into the fiber and detected using a 

single photon counting module. This technique has allowed us to gather information on 

the size of the atomic cloud and to estimate the refractive index of the sample.

1.   Introduction

Interest in the design and realization of micro-optics components to manipulate

and control cold atomic samples has increased in recent years.  One such 

component – the tapered optical fiber – has been theoretically shown to be a

useful tool for trapping and guiding atoms [1]. Tapered optical fibers are

fabricated by a heat-and-pull technique, while ensuring that the transmission

through the fiber remains quasi-lossless during the pulling process.  As the taper 

is formed, the core-cladding interface responsible for guiding the light within 

the fiber is replaced by a cladding-air interface.  This leads to a significant 

portion of the light being guided outside the confines of the fiber, creating an 

exponentially decaying evanescent field.  In order to be useful for atom optics, it 

is important that the wavelength of the light guided by the fiber be comparable

to the diameter of the taper waist.  In addition, if the fiber is too small, it has

been shown that light will no longer be guided but will rather be lost outside of 

* This work is funded by Science Foundation Ireland under grant 02/IN1/128.
† Work supported by the Irish Research Council for Science, Engineering and Technology through

the Embark Initiative. 

1

2

the fiber.  This places strict limits on the size of taper suitable for atom optics 

experiments.

2.   Experimental Details 

In our experiments, we are interested in probing samples of magneto-optically

trapped rubidium atoms through the photons in the evanescent field of a fiber

taper.  Our setup is configured such that a 1 m fiber taper, mounted on a 

nanopositioning, UHV compatible stage (Fig. 1), can be translated through the 

cloud of atoms, thereby enabling us to study the profile of the atomic cloud and

to estimate several associated parameters, such as the refractive index.  We use 

single-mode 780 nm fiber, tapered using a heat-and-pull rig as described in [2].

The fiber has a typical transmission of 85% and no loss was recorded during the

pump down and bake out of the vacuum system.  The number of atoms

interacting with the evanescent field depends on the atomic cloud density and

the fiber waist.  We are currently considering light scattered from the atoms and

coupled into the fiber, which leads to very low light levels.  A single photon

counting module is being used to monitor the coupled light into the fiber.

tapered

fibre
UHV

 motor

Figure 1. Schematic of the fiber taper mounted on the nanopositioning motor.
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LASER PRODUCED SPECTRA OF SIC MOLECULE IN THE 
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The emission spectra of SiC molecule are reinvestigated in the region of 370 – 570 nm 

using laser ablation technique. About 120 bands are recorded in this region and analyzed 

into two band systems G3 –X3  and G3 –A3 –. The determined molecular constants of 

X3 , A3 – and G3  states are in close agreement to that reported by earlier workers. 

1. Introduction 
SiC molecule is of astrophysical importance since it is observed in carbon 

stars, stellar atmospheres and in the interstellar molecular clouds. Ebben et al.[1] 

observed seven bands of C3
–X3  system in the region of   384 – 442 using 

laser vaporization technique and modified the vibrational and rotational 

constants of the C3  and X3  states. Butenhoff et al.[2] reported LIF 

spectroscopic investigation of C3
–X3  band system and observed nine bands 

including first seven bands reported by Ebben et al.[1] and modified vibrational 

constants. Grutter et al.[3] observed three band systems A3 –
–X3 , B3 +

–X3

and C3
–X3  of SiC molecule in 50K neon matrices in absorption.  

2. Experimental Setup 
The SiC rod target is clamped inside the chamber with a rotating and 

translating target. The 120 mJ energy of 355 nm of Nd: YAG laser is focused 

using a convex lens of focal length 50 cm inside the ablation chamber. The 

produced plasma is allowed to cool adiabatically and the radiation from the 

cooled plasma is collected on the entrance slit of TRIAX 320 M 

monochromator. The spectra are recorded using 1200 grs/mm grating blazed at 

330 nm and the bands of SiC molecule are appeared at 220 ns delay time.  

E – Mail:kspectra12@yahoo.co.in 

1

2

3. Results
Laser produced spectra of SiC molecule are reinvestigated in the region of 

370 – 570 nm. The recorded spectra consist of about 120 bands and classified 

into two band systems G3 –X3  (previously assigned as C–X) and G3 –A3 –.

Out of 120 bands, 98 bands including the 9 bands reported by previous workers 

are assigned to three sub systems of G–X system. The remaining 22 bands are 

assigned to G–A system. Total 98 bands of G–X system are analyzed into         

v = 0, ± 1, ± 2, ± 3, ± 4, + 5, + 6, + 7 and + 8 sequences while the 22 bands of 

G–A system are analyzed into v = 0, ± 1, ± 2, + 3, + 4 and + 5 sequences. The 

molecular constants of X3 , G3  and A3 – states are modified and are given in 

Table 1. A portion of spectra are shown in figures 1 and 2. 

Table 1. Molecular constants of SiC molecule. 

State Te e exe eye

C3 22830.19 615.80 9.75 0.05 

A3 – 3691.36 862.20 4.92 -0.25 

X3 0.00 965.20 5.95 0.58 

Figures1and 2. Laser produced spectra of SiC molecule 
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Because of their wide range of applications high-brightness, narrow-aperture and 
large-coherence atom beams have been actively developed. Possible applications are coherent 
atom optics experiments, atomic lithography or deposition at a sub-micrometric scale as well 
as (after slowing) loading of atomic traps and further production of Bose-Einstein 
condensates. In most cases, the tools used to manipulate the external atomic motion are 
various 1D and 2D material masks, resonant or quasi-resonant laser beams and light standing 
waves, electric or magnetic fields [1]. Spatial resolution is generally limited by beam 
diffraction. Indeed material wave packets spread during the propagation in free space due to 
velocity-position uncertainty relations. These diffraction phenomena put fundamental limits to 
the focusing accuracy in atomic and optical lithography: focusing can be improved only at the 
expense of field depth. We propose here a novel way of generating a matter wave which 
spreads very slightly as it propagates. This is obtained by fashioning an atom beam profile 
inside a special type of Stern-Gerlach atomic interferometer [2, 3]. It is the atomic counterpart 
of the bi-refringent crystal-plate interferometer, where the atom spin plays the role of the light 
polarisation The peculiar transverse profile (a narrow central bright fringe surrounded by a 
wide dark one), as provided by adequate matter refraction indices, i.e. an adequate magnetic 
field configuration, closely resembles a Lorentzian profile. This profile, contrary to a 
Gaussian profile, is much less sensitive to diffraction because of its smoother wings. In spite 
of a size as small as a few tens of nm, this profile remains almost identical during 
propagation, and diverges much less than Gaussian beams. In a sense, it is the equivalent for 
matter waves of Bessel beams in light propagation [4].  

The field configuration able to produce the phase-shift required to get the adequate 
profile consists of two adjacent opposite quadrupoles (within which the magnetic gradient G 
is radial and constant), and a homogeneous magnetic field b added to the second one. Under 
such conditions  Zeeman sub-levels (M) accumulate along a straight-line trajectory at a 

distance  from the axis, the phase-shift  with  = C v-1 G ))G/b(( 22 , where v 

is the atom velocity and C a constant. The width  (FWHM) of the corresponding beam 
profile (in sin2 ) is given by width  of the central peak (FWHM) is given by:  = 
3b/(2G). As the field b is aimed to produce a phase-shift /2 over a path of few cm, its 
magnitude is small (  mGauss). Hence, even with a modest gradient, it is possible to get a 
width of a few tens of nm, e.g.  = 15 nm for G = 102 Gauss/mm. 
 Numerical simulations based upon the Huygens-Fresnel integral show that, in the so-
called saturation regime, the final amplitude on the observation screen at a distance r from the 
axis is the product of the Gaussian amplitude uG(r) obtained when the interferometer is absent,
by an “interferometric factor” [1 + ( r)2] -1/2, where  is proportional to the magnetic 
gradient. The use of the device as a lithographic tool or a probe of composite surfaces 
obviously implies that a target is placed beyond the phase object, at least at a few mm from 
what we called “observation screen”. Therefore the free propagation of the beam beyond the 

interferometer needs to be examined. Calculations show that the width of the beam profile r
increases with the distance Z beyond the end of the device much slower than the width of the 
diffraction pattern of a simple circular hole or a Gaussian profile of a diameter comparable to 
the initial width of the Lorentzian profile (twice 50 nm in the present case) (see fig.1). Such a 
type of almost “non-diffracting” beam, rather similar to the so-called “Bessel beams” in light 
optics [4], is of a great practical interest in so far as it allows us to leave some free space (few 
cm) between the interferometer and the target. It is worth noting that, in the present device, 
the atoms do not interact with material walls, contrarily to what would happen with a 
diaphragm of a diameter as small as 100 nm. As the angular aperture of the beam is extremely 
small, the brightness defined as  = (F/A) -1 (v/ v), where F is the atom flux, A the beam 

cross section,  the solid angle of divergence and v/v the relative velocity spread, is 
generally higher than those previously obtained (  of a few 1020 atoms/s/mm2/str).
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Fig.1. Free evolution of the peak width beyond the interferometer and the screen plane located at z = L. (Z > 
L = 1.1m). Full line: present quasi-Lorentzian profile at position L (diameter at 1/e3: 100 nm, G = 240.66 
Gauss/mm), half width to 1/e3 Imax as a function of the distance Z – L. Dotted line: Gaussian source at L 
(diameter at 1/e3: 100 nm), evolution of the half width to 1/e3. Open squares: circular hole at z= L (diameter 100 
nm), evolution of the half width to the first zero of the diffraction pattern. Inset: relative intensity as a function of 
the distance for the quasi-Lorentz source. Note the slow decrease of R.  (From Ref. [3]) 
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human sinuses using tunable diode laser spectroscopy
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We present spectroscopic measurements of molecular oxygen and water vapor
within human maxillary sinuses, including gas exchange between nasal cavity
and sinus. Volunteers with and without sinus problems were compared, and
significant differences were observed.

Annually 37 million people in US get diagnosed with sinusitis (sinus in-

flammation).1 Being air filled in a healthy state, sinuses become filled with

liquid during sinusitis. Antibiotics are sometimes utilized without a firm

diagnosis. X-ray computerized tomography (CT) is a good modality, but

uses ionizing radiation and is expensive. Therefore, there is a need for a new

non-invasive method to support and complement already existing ones.2

In this report, we present a new spectroscopic method to investigate the

human sinuses. The technique is based on tunable diode laser spectroscopy.

Pigtailed DFB lasers are repetitively wavelength-tuned across a molecular

oxygen absorption line around 760 nm and a water vapor absorption line

around 935 nm. High sensitivity is achieved by imposing a modulation on

the laser driver current and employing second-harmonic lock-in detection.

The light is split into two optical fibers in order to allow balanced detec-

tion to suppress common noise such as laser noise and optical interference

fringes. One of the fibers goes directly to a detector while the other fiber is

brought to a position close to the sinus of the volunteer, and the scattered

light is detected on the other side of the sinus. A so-called equivalent mean

path length, Leq, is estimated corresponding to the distance that light has

to travel in ambient air to yield the same oxygen absorption imprint.3

Fig. 1a shows a CT image of a volunteer with constantly recurring sinus-

problems. Measurements were performed on this volunteer as well as on a

2

volunteer with no history of sinus problems. In Fig. 1b the average Leq on

both left and right maxillary sinuses of the two volunteers are presented

for measurements during ten days. It can clearly be seen that a signifi-

cant difference in the signal level is obtained between the two volunteers.

The status of the passages between the nasal cavity and the sinuses was

investigated by flushing N2 into the nostril during a certain time while con-

tinuously measuring Leq. The volunteer with sinus problem did not show

any different signal level during the flush of N2, while on the healthy volun-

teer a decrease of the oxygen level was recorded. The reinvasion of oxygen

was also recorded after ending the N2 flush; see Fig. 1c. We are also able

to monitor molecular H2O and have demonstrated O2 signals normalized

on H2O to yield the absolute O2 concentration.
4
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Fig. 1. a) CT-image of volunteer I with constantly recurring sinus-problem. b) Recorded
Leq from the maxillary sinuses of volunteer I and II together with one standard deviation.
c) Monitored Leq when flushing with N2 of left maxillary of volunteer II.

In conclusion, we have shown the feasibility of sinus investigation by us-

ing a spectroscopic method based on balanced detection of oxygen and wa-

ter vapor absorption. The possibility to study the gas exchange between the

nasal cavity and the maxillary sinuses was also successfully demonstrated.

To investigate the clinical use of the method, a clinical trial is planned.
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BRAGG SPECTROSCOPY OF A 85RB BEC WITH TUNABLE 
INTERACTIONS 
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Bragg spectroscopy has been shown to be not only a useful tool in mapping the 

dispersion relation of a Bose Einstein condensate, but also in identifying the energetic 

contributions of the interparticle interactions within the condensate. By preparing a Bose 

condensed gas of 85Rb atoms, we have experimental control of these interactions via the 

magnetically tunable Feshbach resonance. We report on recent experiments, including the 

role of many body effects on the dispersion relation of our condensate in the regime 

where na^3 is no longer small.  
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We generate low phase noise radio frequency (RF) and optical frequen-
cies using the discretely spaced optical frequencies emitted by pulsed Tita-
nium:Sapphire (Ti:S) lasers [Fig. 1(a)]. We study the phase noise properties
of the RF and optical signals when two of the Ti:S laser’s free parameters
are electronically controlled, namely, the spacing between emitted optical
frequencies frep and the uniform offset of all of the modes f0 [Fig. 1(b)].1–3
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Fig. 1. (a) a 1 GHz repetition rate Ti:S laser (b) optical frequency comb and (c) am-
plitude noise on an RF signal at 10 GHz derived from an optical frequency comb when
f0 is locked and unlocked.

We demonstrate that the amplitude noise, for an RF signal derived from
the optical frequency comb [Fig. 1(b)], is strongly correlated to the Ti:S
pump laser amplitude noise. We see that phase locking f0 is tantamount

2

to amplitude noise control of the Ti:S’s pump laser and serves to mitigate
deleterious effects of amplitude noise on microwave signals derived from
frequency combs. Therefore, amplitude noise on the pump causes amplitude
(and phase) noise on f0 and in turm on the microwave signal derived from
the repetition rate of the comb. Figure 1(c) shows the reduction of the
amplitude noise on a 10 GHz carrier derived from the frequency comb when
only f0 is phase locked.

Additionally, we show that we can employ a stabilized optical frequency
comb for high resolution spectroscopy. Using a high resolution spatial dis-
perser [a virtually imaged phase array (VIPA) in combination with a dif-
fraction grating] we are able to resolve, and record the power of, individual
comb modes [Fig. 2(a)] with a spacing of 3 GHz. When a I2 gas sample is
placed within the spectrometer we observe absorption of individual comb
modes [Fig. 2(b)].4 This approach provides high spectral resolution over
broad bandwidth with simple and rapid data acquisition.

Fig. 2. (a) Schematic of the high resolution VIPA spectrometer and (b) two dimensional
CCD image of the power of individual comb modes (spaced by 3 GHz). The absorption
by I2 is marked by the appearance of dark regions (where light regions correspond to
full transmission of the mode).
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Due to the long-range character of the interaction between highly ex-
cited atoms, the dynamics of an ultracold gas of Rydberg atoms is entirely
determined by van-der-Waals and dipole-dipole interactions. One outstand-
ing property is the tunability of interaction strength and character which
allows one to explore the transition from a weakly coupled two-body sys-
tem to a strongly coupled many-body system. While the gas is ultimately
unstable against autoionization there is a sufficiently large time window to
study coherent processes and many-body entanglement in the frozen gas.
In a recent series of experiments we studied both coherent phenomena in an
ultracold gas of Rydberg atoms and important decoherence mechanisms.

Our experiment starts from a magneto-optically trapped cloud of 87Rb
atoms. Exciting into Rydberg states by narrow-bandwidth cw-lasers we
achieve excitation efficiencies exceeding 90%1 by using stimulated adiabatic
passage and recently succeeded in driving synchronous Rabi oscillations of a
mesoscopic ensemble of about 100 atoms between the atomic ground state
and the Rydberg state.2 One spectacular effect of Rydberg–Rydberg in-
teractions is the dipole blockade, i.e. the inhibition of multiple Rydberg
excitations in a confined volume induced by dipole interactions. We ob-
serve a suppression of Rydberg excitation as a local dipole blockade in a
macroscopic and in a structured mesocopic ensemble.2,3 Rydberg atoms can
be seen as a prototype system to investigate resonant energy transfer pro-
cesses, which play an important role e.g. in many biological sytems (Förster
processes). We present a model describing the many-body character of this
energy transfer in a frozen gas and compare it with density-dependent mea-
surements.4 The good agreement underlines the coherent character of the
resonant energy transfer. Ultimately, cold Rydberg gases are unstable as the
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Fig. 1. Spectroscopic signature of atomic motion induced by long-range van der Waals
forces.5 (a) Excitation resonance of the 60D5/2 state. (b) Evolution of the Penning
ionization signal for different interaction times compared to Monte-Carlo simulations
(dotted) which describe the atomic motion due to long-range van der Waals forces.

attractive interaction between atoms can lead to acceleration, collisions, and
finally Penning ionization. We present spectroscopically resolved measure-
ments of the ionization dynamics, which allow us to follow the acceleration
of the atoms due to van-der-Waals interactions in real time.5 Comparison
with a model as shown in Fig. 1 yields the strength of the interaction, which
agrees well with predictions.6 Decay processes and many-body effects can
lead to ionizing collisions even for repulsive interactions.
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A single neutral atom is trapped in a standing-wave optical dipole trap and
transported deterministically into the mode of a high-finesse optical resonator.

We detect the continuous coupling of the atom to the cavity mode for more
than two seconds.

Cavity QED experiments provide unique possibilities for studying atom-
photon interaction at a fundamental level. Furthermore, neutral atom sys-
tems are a promising candidate for quantum information processing. In our
experiment we explore the coupling of a small, controlled number of neutral
caesium atoms to the mode of a high-finesse optical cavity (finesse F ≈ 106,
estimated cooperativity parameter C1 = g2/(2κγ) = 146).

Using a number-triggered loading process1 we transfer a pre-determined
number of atoms, ranging from one single atom to several atoms, from
a magneto-optical trap into a standing wave dipole trap. Subsequently,
the atoms are transported into the center of the cavity mode with sub-
micrometer precision2 using our ”optical conveyor belt” technique.3

A probe laser is coupled into the empty cavity and its transmission is
detected. A single atom transported into the cavity mode shifts the cavity
out of resonance with respect to the probe laser, which can be observed as
a reduced laser transmission, see fig. 1.

In this way we can observe a single atom coupled to the cavity mode for
several seconds. The time-dependent transmission signal allows us to infer
information about the dynamics of the atom-cavity system, especially about
the variation of the coupling strength g. We study how the localization
of the atom with respect to the cavity field can be optimized, with the
goal to reach a constant atom-photon-coupling, which is a fundamental
requirement for entangling two atoms via a cavity-mediated interaction.

2

Fig. 1. Transmission of the probe-laser through the high-finesse cavity. The arrows
indicate the points of time when a single atom is transported into and out of the cavity

mode, respectively. We attribute the variation in transmission during the observation
time to a corresponding variation in the average coupling rate g.
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Nowadays it is not possible to describe all known interactions in one single

theory. For the electromagnetic, weak and strong interaction quantum field

theory and for the gravitation General Relativity is used. New theories like

String theory or quantum gravity are currently under development to over-

come this handicap. In these new theories the violation of Lorentz invariance

is possible, which is part of quantum field theory and General Relativity as

well. At the heavy ion test storage ring in Heidelberg the time dilation is

tested by Lithium ions, that are stored with a velocity of 3% or 6.4% speed of

light. Using saturation spectroscopy methods the transition frequency of the

ions can be measured and compared on a 10−10 level. These measurements

leads to improved upper limits for parameters used by test theories containing

a possible violation of Lorentz invariance.

Keywords: Special Relativity, Lorentz invariance, Time dilation, Heavy ion

storage ring, Saturation spectroscopy

Time dilation is introduced by Special Relativity and describe how time
goes by in a moving frame compared to a frame in rest. In the rest frame the

2

laser frequency is stabilized on hyperfine structure lines of iodine molecules
used as clocks to measure time and the moving frame is given by 7Li+ ions
at a velocity v of 3% or 6.4% speed of light c and time is measured by
measuring the transition frequency of the Lithium ions. In the ion frame
the laser frequency is Doppler shifted. To excite the ions with a transition
frequency ν0 a laser beam propagating anti-parallel to the ions must has
a frequency νa = ν0γ(1 − β) (β = v/c, γ = 1/

√
1 − β2) and a laser beam

propagating parallel to the ions must has a frequency νp = ν0γ(1 + β).
The product of the laser frequencies leads to a equation without a velocity
dependence νaνp/ν2

0 = 1. To describe deviations from this equation an ε

can be added. The shape and interpretation of ε depends on the used test
theory (like RMS1 or SME2).

The experiment starts with Lithium ions that are accelerated to the
desired velocity. The ions are injected and stored in the test storage ring in
Heidelberg (circumference 55.4 m) and to obtain a high quality beam with
a small velocity distribution and divergence an electron cooler is used. On
a straight section with a length of about 10 m the laser- and ion-beams are
overlapped. The transition wavelength in rest of the ions are 548.5 nm and
the laser wavelengths are 532 nm/514 nm (parallel) and 565 nm/585 nm
(anti-parallel) for 3%c/6.4%c respectively. The antiparallel laser is tuned
in frequency (≈200 MHz) and the fluorescence of the ions are detected by
several photomulipliers distributed over the straight section. If both lasers
interacts with the same velocity class, a dip in the fluorescence signal is
observed with a linewidth in the order of the natural linewidth (3.7 MHz).
Including all relevant systematics √

νaνp can be determined on a 100 kHz
level (=̂10−10). With these measurements it is possible to improve several
earlier values and limits by a factor of two to four.3–6
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Characterizing the bulding blocks of a quantum computer is of cen-
tral interest as it allows to predict a quantum computer’s performance for
concatenated operations. Furthermore, a detailed knowledge of the imper-
fections of the basic operations helps to identify shortcomings and thus
forms an excellent basis to optimize the building blocks itself. One such
crucial building block for quantum information processing is a controlled-
NOT quantum gate.

We perform quantum process tomography of two different implementa-
tions of a controlled-NOT gate operation with trapped ions. In both cases
we find fidelities exceeding 90%. Furthermore, the advantage of amplitude-
shaped laser pulses over simple square pulses is quantified with process to-
mography. Finally, we show that the fidelity of two concatenated controlled-
NOT operations agrees with the estimation based on the process tomogra-
phy of a single gate operation.
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Spiking optical patterns and synchronization of coupled
semiconductor lasers
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The output intensity of a semiconductor laser, having external feedback
is known to possess chaotic intensity fluctuations. When two such lasers
are coupled one to another, the chaotic fluctuations of the two lasers can
become highly synchronized. The synchronization can be of various types;
simultaneous-isochronal (zero time lag), leader-laggard in which each lasers
assumes either a leader or a laggard role, anticipated synchronization and
achronal synchronization where each laser has equal probability to be a
leader or a laggard. Our group over has recently explored the various re-
gion of synchronization and the statistics and dynamics of the chaotic sig-
nals.1–3 The time resolved spike statistics of a solitary and two mutually
interacting chaotic semiconductor lasers whose chaos is characterized by
apparently random, very short intensity spikes, as shown in Fig. 1. Repul-
sion between two successive spikes is observed, and for long time intervals
between spikes, the distribution of the intervals is a Poisson distribution.
The spiking pattern is highly periodic over time windows corresponding to
the optical length of the external cavity, with a slow change of the spiking
pattern as time increases. When zero-lag synchronization between the two
lasers is established, the statistics of the nearly perfectly matched spikes are
not altered. In recent work4 we have shown how two lasers can be synchro-
nized isochronally, without any delay in their fluctuating output intensity.
The synchronization, as measured by the normalized correlation function,
is surprisingly robust as was demonstrated in an experiment in which the
communication between the two chaotic lasers was terminated. As shown
in Fig. 2, the laser signals, nevertheless remained isochronally synchronized
for times much longer than the solitary laser feedback delay time, τ . After
the lasers desynchronized, they could be rapidly resynchronized (on a time
scale of order τ ) by reestablishing the communication between them. In re-
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Fig. 1. The intensity trace of a solitary chaotic laser for a 15 ns time window followed by
plots of the same laser intensity after a time τ , 2τ , and 3τ with τ = 23.55 ns, the feedback
delay time. The laser was operating slightly over threshold with a reflected power of a
few % of the laser output intensity. (b) The intensity trace at time t + τ(green) and at
time t+ 2τ (blue) demonstrating the slowly decaying periodicity of the spiking pattern.

lated work2 with secure optical communication in mind, we have also shown
that over a significant operational phase space, two mutually coupled semi-
conductor lasers can synchronize to each other very well while an attacker
(unidirectional listener) laser can not synchronize nearly as well with the
chaotic signal. The demonstration of a long persistence of the correlation
while the lasers are not communicating leads us to expect that these ef-
fects will play an important role in advanced secure communications using
mutually chaotic lasers.

Fig. 2. The zero time lag correlation of the fluctuating output intensity of two lasers
after the communication between them is terminated.
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We present results on the statistical properties of light emitted by a single atom
into the mode of a high-finesse cavity. We were able to observe a transition
from photon bunching to anti-bunching in the arrival times of the photons by
changing simple experimental parameters.

We trap a single 40Ca+ ion in a linear Paul trap. Perpendicular to the axis
of the trap, two mirrors form a high-finesse cavity (F ≈ 70000) as shown
in Fig. 1(a). The cavity can be moved with respect to the ion’s position in
the trap to maximize atom-cavity coupling within the standing wave of the
cavity. The length of the cavity is stabilized using a transfer lock scheme.
A single ion typically stays in the trap for several hours, well exceeding the
required experiment time.

We generate photons in the cavity mode continuously by exploiting
cavity-stimulated Raman transition between the |S〉 ground and |D〉 meta-
stable states as shown in Fig. 1(b). Pump laser and cavity are detuned from
the |P 〉 state by 400MHz. A repumping laser transfers the ion from the
|D〉 to the |P 〉 state from which it decays spontaneously back into the |S〉
ground state. Applying all lasers continuously, a cycle between atomic states
is obtained which adds a photon to the cavity mode for each |S〉 → |D〉

2
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Repump

CavityPump
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Fig. 1. (a) Experimental setup: a single 40Ca+ ion is trapped in a linear Paul trap
surrounded by a high-finesse optical cavity. (b) Simplified level scheme of a 40Ca+ ion.
Cavity-assisted Raman transitions are driven using a pump laser. Re-initialization of the
ion is achieved via repumping to the |P 〉 state, followed by spontaneous emission to the

|S〉 state.

transition. The photons leaking out of the cavity at a rate of ≈ 50 kHz are
analyzed using a Hanbury Brown & Twiss setup. We present intensity corre-
lation functions, g(2)(τ), which exhibit photon bunching and anti-bunching
character, depending on the intensity and detuning of the pump and repump
lasers. The results are well understood with a model taking into account
all involved atomic levels and two nearly-degenerate orthogonal modes of
the cavity. A variation of the scheme using pump laser pulses allows for the
implementation of a deterministic single photon source.
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We consider a spinor condensate of 87Rb atoms in its F = 1 hyperfine state at 

finite temperatures. To this end we use our classical fields approximation. Spin 

textures, breaking of chiral symmetry and coherence is than studied.  
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QUANTUM TRANSPORT EFFECTS IN RATCHET-LIKE
POTENTIALS AND OPTICAL MULTIPHOTON LATTICES
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We report experimental results on transport properties of Bose-Einstein

condensates in periodic optical potentials of variable asymmetry. By study-

ing Landau-Zener tunneling and Bloch oscillations, we have explored the

band structure of both ratchet-type asymmetric and symmetric optical po-

tentials. In earlier work, quantum transport in “conventional” sinusoidal

lattices has proven to be a powerful technique for characterisation of the

band structure. To realize lattice potentials of variable asymmetry, we su-

perimpose a conventional lattice potential of λ/2 spatial periodicity with

a fourth-order optical potential of λ/4 spatial periodicity. The high peri-

odicity lattice is realized using dispersive properties of multiphoton Ra-

man transitions. To study quantum transport in such Fourier-synthesized

lattice potentials, the periodic potential is accelerated. We observe a sinu-

(a) (b)

Fig. 1. (a) Phase dependency of the number of atoms tunneling between the first and
second excited Bloch band. (b) Dependence of the tunneling rate on the potential depth of
the optical standing wave for a phase difference between two- and four-photon potentials
of 0◦ (x) and 180◦ (+).

2

soidal dependence of the tunneling rate between the first and second excited

Bloch band. If the phase difference between the two harmonics reaches 180◦,

nearly all atoms were observed to tunnel to the higher Bloch band, while

the tunneling decreases for other phase values, as shown in Fig. 1a. Two

extremes at minimal and maximal tunneling have been investigated more

in detail by variation of the potential depth of the optical standing wave,

yielding results as shown in Fig. 1b. For a phase difference near 0◦ a sim-

ple exponential dependence of the tunneling rate on the potential depth

is observed. In contrast, for a phase difference of 180◦, the tunneling rate

reaches its maximum at a two-photon potential value different from zero.

In subsequent experiments, we also studied Bloch oscillations in accelerated

lattices with λ/2 and λ/4 spatial periodicities. The frequency of the Bloch

oscillation is directly connected to the spatial variation of the corresponding

lattice potential. Of special interest are investigations of the effective atom

mass, which for the multiphoton lattice near the band edge reaches consid-

erable smaller values compared to a conventional optical standing wave at

comparable potential depth.
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An atom-photon pair laser
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We study the quantum dynamics of an ultracold atomic gas in a deep optical
lattice within an optical high-Q resonator. The atoms are coherently illumi-
nated with the cavity resonance tuned to a blue vibrational sideband, so that
photon scattering to the resonator mode is accompanied by vibrational cooling
of the atoms. This system exhibits a threshold above which pairwise stimu-
lated generation of a cavity photon and an atom in the lowest vibrational band
dominates spontaneous scattering and we find a combination of optical lasing
with a buildup of a macroscopic population in the lowest lattice band. Includ-
ing output coupling of ground-state atoms and replenishing of hot atoms into
the cavity volume leads to a coherent, quantum correlated atom-photon pair
source very analogous to twin light beam generation in a nondegenerate optical
parametric oscillator.
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1. Abstract

We demonstrate an atomic magnetometer with a sensitivity of 70 fT/
√

Hz

based on a millimeter-scale microfabricated alkali vapor cell and a single
low power laser. This result represents an improvement by a factor of over
100 in sensitivity over previous measurements made using microfabricated
vapor cells and suggests that simple non-cryogenic alternatives to high-Tc
SQUID magnetometers are feasible for low field applications.

The key physics that underlies the improvement in sensitivity here is
the suppression of spin relaxation originating from spin-exchange collisions
between the alkali atoms1,2 and the generation of a large atomic coherence
at low magnetic field strengths. Magnetic sensors based on this technology
would have important practical applications, including: highly sensitive geo-
physical surveys, environmental monitoring, security, lower-cost sensors for
biomedical applications such as magnetic resonance imaging and satellite-
based measurements of magnetic fields. Here, we discuss the use of such an
atomic magnetometer in remote NMR detection3 based on micro-fluidics.
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Photorefractive effect [PRE] is identified as one of the most important nonlinear optical 
phenomena in many semiconductors. Today, semiconductors are the most sophisticated, 
sensitive and ultrafast nonlinear materials due to their compactness, provision of material 
relaxation time and highly advanced fabrication technology. The present paper deals with 
the theoretical investigation of  PR- characteristic parameters such as space charge 
electric field, gain coefficient and diffraction efficiency in semi-insulating 
semiconductors like GaAs:Cr and CdTe :V in presence of  applied dc electric (E0) and 
magnetic (B0) fields. A critical dependence of E0 and B0 on the real and the imaginary 
part of the space charge field has been noticed. The numerical estimation have been made 
for GaAs: Cr at 77K duly irradiated by 1.06μm Nd:YAG laser. It is noticed that an 
externally applied electric and magnetic fields substantially modify magnitude and sign 
of the real and imaginary part of the space charge electric field. In particular, we obtained 
space charge electric field ~7x105 V/m at E0=104V/m and B0=640Guass, this value is 
nearly three-order larger in the absence of E0 and B0.  The gain coefficient and diffraction 
efficiency also enhances. These results are good qualitatively in agreement with theory 
and experiment [2]. In conclusion, photorefractive-semiconductor in presence of 
externally applied dc electric and magnetic fields may be used as efficient dynamic 
holograms.  
 
Keywords: Photorefractivity, Semiconductors, External Electric and Magnetic Fields, 
                  Band Charge Transport Model, Space Charge Electric field. 

                    
       Fig. 1    B0 V/s Esc (real, imaginary)                 Fig. 2    Gain V/s E0 V/s thita 
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Imaging cold atom samples provides interesting opportunities for studying not

only the external atomic distribution, but also the internal atomic state, par-
ticularly for atoms prepared in a coherent state. We have previously developed
techniques for off-resonant imaging of a cold atom cloud without optical el-

ements, computationally extracting the atomic column density map from a

diffraction pattern. We are now combining two lasers and three states, in Λ, V,

and cascade configurations, to explore atomic coherence via two-dimensional

imaging and to image the spatial distribution of non-ground-state atoms.

We have developed a minimally destructive imaging technique to deter-
mine the fraction and distribution of excited-state Rb atoms in a magneto-
optical trap (MOT). The work has been motivated by a general interest in
probing atomic coherence states and related phenomena such as electromag-
netically induced transparency and slow light,1 and coherent frequency up-
conversion.2 These phenomena have typically been studied using techniques
without spatial resolution, and imaging offers the potential for obtaining
much greater information. Combining diffraction-based phase imaging with
control of the internal state of the imaged atoms using a probe laser, we
can explore techniques for enhancing the imaging (e.g. by modifying the
refractive index), or for directly measuring the control process itself.

Our approach is based on off-resonance diffraction contrast imaging
(DCI) of cold atom clouds.3 The diffracted intensity pattern of an off-
resonant probe is recorded with a conventional absorption imaging appa-
ratus, but with lens defocused, or entirely without a lens or other imaging
optic elements. The atomic column density is then extracted computation-
ally from the diffracted intensity distribution. DCI is quantitative and less
sensitive to experimental imprecision compared to conventional absorption
imaging or classical phase imaging.

We have extended the method to imaging excited-state atom distribu-

2

tions, in particular Rb atoms in a MOT. The atoms are excited from 5S to
5P states by 780 nm trapping and cooling beams, and imaged on the 5P to
5D transition by a 776 nm probe laser beam. To extract the excited atom
distribution from the diffraction pattern, we must know the complex refrac-
tive index (atomic susceptibility) for the 5P–5D transition. The atomic state
is, however, perturbed by the trapping light: we effectively have a three-level
atom with two coupling fields, in a cascade or ladder type atomic coherence
system. We have used an optical Bloch equation approach4 to determine
the 776 nm susceptibility (Fig. 1). Autler-Townes splitting of the 776 nm

Fig. 1. Left: Calculated phase and absorption on the 776 nm transition for a three-

level model of Rb (left). Right: Theoretical (dashed) and experimental (solid) 420 nm

fluorescence in the MOT for 780 nm cooling beam detunings of −10.0 ± 0.5 and −20 ±
3MHz.

transition is clearly evident, and supported by experimental measurements
of 420 nm fluorescence via the 5D–6P–5S decay path. We are now applying
this knowledge to extract images of the distribution of excited-state atoms.
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Much like laser cooling in the 1990's, “atom chip” technology today is rapidly 

gaining popularity as a convenient and powerful approach to achieving precise 

control over atom’s motion and internal state. While great success has been 

achieved in magnetically manipulating the atoms, integrating optical elements 

onto the atom chip is an active area of research.  Premier applications for these 

“optoatomic circuits” can be foreseen in both quantum information science1 and 

in quantum sensors.2

At Sandia, our efforts are focused on fabricating high quality atom chips 

forming magnetic traps and guides in combination with open access optical 

cavities. Typically, the conductors used for atoms chip have been copper and 

gold to allow the highest possible current density.3 However, aluminum has a 

conductivity only 15% less than gold, and Sandia has an established Al 

metallization process for making small feature size, multilayer structures (less 

than 1 m). The Al conductors are formed on a Si substrate and are imbedded in 
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Figure 1. (a) Scanning electron microscope image of 2.5 m thick Al (0.5% Cu) wire before it is 

imbedded in SiO2. (b) Schematic of the miniature optical cavity. 

2

SiO2 which is polished flat. Gold or dielectrics will be deposited to form a 

mirror for a mirror magneto-optical trap.  

In a parallel effort, we are developing optical cavities compatible with the 

processing for the Al conductors. Having a lithographic process that allows an 

array of low mode volume optical cavities on an atom chip is critical for 

quantum information processing in neutral atoms. In a design similar to Ref. [4], 

one side of the optical cavity is formed by a hemispherical void etched into Si 

and the other by the tip of the optical fiber. Both will be coated with a dielectric 

stack to form a relatively high finesse optical cavity. The Si divot will be 

suspended so that the cavity length can be tuned by electrostatic actuation. We 

will present details on the design, fabrication, and characterization of the 

conductors and optical cavities. 
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We describe plans and summarize initial progress towards making spin
squeezed states with up to ∼1000 9Be+ ions in a Penning-Malmberg trap.
We use the ground-state electron spin-flip transition, which in the 4.5 T
magnetic field of the trap has a transition frequency of 124 GHz, as the ion
qubit. With a 30 mW Gunn diode oscillator we have observed π-times as
short as 100 μs.
We have realized projection noise limted spectroscopy1 on this transition−
a prerequisite for demonstrating spin squeezing (Figure 1). For entangling
the ions we plan to use a generalization of the few ion qubit phase gate
developed at NIST2 to generate an exp (iχJz

2t) interaction between all
of the ion qubits. This interaction can be implemented on a single plane
of ions3 with a motional sideband, stimulated Raman transition. We have
observed fast (1 ms) magnetic field fluctuations of our magnet through spin-
echo spectroscopy. These fluctuations limit the amount of time that can be
used to apply the squeezing.

References

1. W.M. Itano, et al., Phys. Rev. A 47, 3554 (1993).
2. D. Leibfried, et al., Nature 438, 639 (2005).
3. T.B. Mitchell, et al., Science 282, 1290 (1998).

∗Supported by a DOD MURI program administrated by ONR

2

Fig. 1. Standard deviation σ of the measured Jz as a function of ion number N
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MACROSCOPIC ENTANGLEMENT OF A BOSE-EINSTEIN 
CONDENSATE ON A SUPERCONDUCTING ATOM CHIP 

MANDIP SINGH 
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A Schrödinger cat state lies at the heart of quantum mechanics in both fundamental 

and philosophical contexts. In recent years there has been ground breaking progress 

in the field of manipulation of Bose-Einstein condensates on atom chips. Also the 

field of superconducting circuits is progressing rapidly in terms of technological 

implementation and realization of quantum coherent control [1, 2]. Atom chips based 

on superconductor substrates and wires have been implemented [3, 4]. In this paper 

we present a practically implementable scheme which combines the two emerging 

fields of micro-manipulation of a Bose-Einstein condensate on an atom chip and 

quantum coherent dynamics in superconductor circuits in order to realise a 

macroscopic entanglement of a Bose-Einstein condensate.  Our idea is based on 

coupling a superconductor flux loop to a Bose-Einstein condensate in a magnetic 

trap on an atom chip. We treat the superconductor flux loop in quantum 

superposition of two flux states. Our scheme also provides a platform to realise 

entangled atoms interferometry through a Bose-Einstein condensate on an atom chip. 
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BOSE-EINSTEIN CONDENSATE ON A PERMANENT MAGNETIC 
LATTICE ON AN ATOM CHIP 

M. SINGH,  M. VOLK,  A. AKULSHIN, R. McLEAN, A. SIDOROV AND 

P. HANNAFORD 

Centre for Atom Optics and Ultrafast Spectroscopy and 
ARC Centre of Excellence for Quantum-Atom Optics, 

Swinburne University of Technology, Melbourne, Australia 3122 

In recent years there has been ground breaking progress in the field of manipulation 

of Bose-Einstein condensates on an atom chip. Chip-based magnetic traps made from 

permanent magnetic films are attractive for their low heating rates and high intrinsic 

stability. We report the realisation of a Bose-Einstein condensate of 87Rb on an atom 

chip incorporating a permanent magnetic lattice. The magnetic lattice is produced by 

a perpendicularly magnetised magnetic film (Gd10Tb6Fe80Co4) deposited on a 10 m

period grooved structure on a Si substrate. The BEC is initially created in a Z-shaped 

wire trap far from the lattice and then moved closer to the film in order to load the 

lattice.  We aim to study the quantum coherent dynamics of the condensate on the 

magnetic lattice. 
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EXPERIMENTAL DESIGN FOR EFFICIENT
PHOTON–ATOM COUPLING IN FREE SPACE
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We propose a design of an experiment in which a single photon is coupled with
a single atomic ion in such a way that an incident photon is absorbed with
a probability close to one before reemission. The experiment is adaptable to
other systems such as neutral atoms, single molecules or quantum dots.

Keywords: spontaneous emission; quantum optics; quantum information

The spontaneous emission of a photon by a two-level quantum system in

its excited state is a fundamental processes in quantum optics in particular

and in physics in general. This process has been studied for almost a century

and it is characterized by an exponential decay to the ground state with a

probability equal to one.1 If the single photon can be coupled to the two-

level system, e.g. a single atom, such that it is absorbed for certain, one has

realized time reversal of spontaneous emission.

Strong coupling of light to single atoms has been demonstrated inside

high finesse resonators2 as well as efficient attenuation of laser radiation

by a single trapped ion3 and a single molecule in a cryogenic matrix.4 In

contrast to previous investigations, it is our goal to effectively couple light

and matter in free space. This shall be achieved by shaping the incident

light in such a way that it best resembles the inverse of an outgoing dipole

wave emitted by a single atom/ion with respect to temporal/spectral shape,

intensity distribution and polarization.

The proposed experimental setup is as follows: An atomic ion is trapped

by a radio–frequency trap consisting of two needle-like electrodes. The fea-

sibility of such a trap has been shown recently.5 The ion is cooled to its

2

motional ground state via Doppler–cooling. The center of the trap is located

in the focus of a deep parabolic mirror with the trap electrodes positioned

on the optical axis of the mirror. By use of radial polarization6 and a suit-

able phase and intensity distribution7 of the incident light one will be able

to excite the ion with a spatial radiation pattern that provides almost the

complete far field pattern of a linear dipole in the location of the mirror

focus. The finite extension of the parabolic mirror results in an incomplete

coverage of the dipole radiation pattern. Therefore, the remainder of the

radiation pattern is provided by deflecting a part of the incident radiation

directly towards the ion by a diffractive optical element. In a first trial, the

ion will be excited by light pulses with an average photon number much

smaller than one. To this purpose, an exponentially increasing pulse shape

will be cut out of a coherent continuous wave laser beam. The time constant

is chosen to match the life time of the upper state of the two-level system.

The resulting pulse is subsequently attenuated until the desired average

photon number per pulse is obtained.

For the demonstration of spontaneous emission reversal, we choose an

ion with only one decay channel out of the excited state. Considering dipole

selection rules and experimental feasibility, doubly ionized ytterbium is the

medium of choice.

The central element of the proposed setup is the mode converter de-

scribed above containing a parabolic mirror and a diffractive optical ele-

ment. Potential applications range from quantum information applications

to 4π-microscopy in a novel geometry.
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DIFFERENTIAL INTERFEROMETER PHASE
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We apply Bayesian logic1 to optimally estimate the differential phase in a dis-

crete time, dual interferometer measurement. This maximum likelihood method

is particularly relevant to the case of a gravity gradiometer, where the gravity

gradient between cold-atom fountain interferometers can be estimated from the

differential phase, despite the presence of large common phase (acceleration)

fluctuations. Given an accurate model, the bias-free algorithm we present is

optimal and leverages experimental knowledge of the system noise, classical

or quantum, to outperform other typical estimators, including ellipse-fitting

techniques.2,3
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ABSOLUTE FREQUENCY STABILIZATION OF A LASER TO

AN ION ABSORPTION LINE IN A DISCHARGE

ERIK W. STREED, GEOFFREY GENN, DAVID KIELPINSKI

Centre for Quantum Dynamics, Griffith University, Nathan QLD 4111 AUSTRALIA

Ion trap quantum computing experiments require laser systems with an absolute

frequency stability of a few MHz tuned near specific atomic transitions. We have

constructed a tunable diode laser system for Yb+ at 369.5 nm and stabilized it to the ion

absorption signal from a hollow cathode discharge lamp. The laser is a Littrow

configuration external cavity laser diode consisting of a 372 nm (room temperature)

Nichia GaN laser diode cooled to -16oC and a 3600 g/mm holographic diffraction grating.

The grating feedback provides a coarse tuning range of 1.6 nm. The unstabilized laser has

a linewidth of 6.4 MHz (1sec) and a long term drift of <700 MHz. Simultaneous

sweeping of grating displacement and diode current produces a mode hop free tuning

range of 30 GHz. The laser frequency is stabilized using a two stage technique. First the

laser is side locked to a Fabry-Perot (FP) cavity (1GHz FSR, Finesse 33), reducing the

linewidth to 1.8 MHz (1 sec). The long term drift of the FP cavity length is then

stabilized to the Yb+ absorption line in a hollow cathode discharge lamp using the

Dichoric Atomic Vapor Laser Lock (DAVLL) method. Prior to this spectroscopy an

acousto-optical modulator (AOM) shifts the frequency of the laser light with respect to

the spectroscopy signal by +160 MHz. The uniform external magnetic field of 900 G

applied to split the Zeeman sublevels is shielded by the lamp to 200 G at the ions. Ion

absorption signals are observed in lamps with Ne buffer gas but not in those with He

buffer gas. The dichoric absorption signal is detected by chopping the laser power at 100

kHz with the AOM and demodulating with a lockin amplifier, low pass time constant 100

ms. This laser system is used to cool 174Yb+ ions in a linear RF trap to crystallization.
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INITIAL SPECTROSCOPY OF HfF+ FOR AN ELECTRON EDM 
SEARCH

R. STUTZ, A. LEANHARDT, L. SINCLAIR AND E. CORNELL 

JILA, NIST and Department of Physics, University of Colorado, Boulder, CO 80309

The 3
1 state of HfF+ is an attractive system for probing the electron electric dipole 

moment1,2, due to its small -doublet splitting and large enhancement of an external 

electric field.  Recent theoretical work3.4 identifies the two lowest lying states as 1  and 
3 , with a spacing comparable to the theoretical uncertainties.  Experimentally, we wish 

to measure transitions from these low lying states to excited singlet and triplet  states, 

which are predicted to lie 10,000-15,000 cm-1 above the ground state.  These higher lying 

 states should be well mixed by spin orbit interactions, thus making them useful 

intermediate levels for two-photon transitions between the 1  and 3  states in our 

proposed electron EDM experiment. 
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CRYOGENIC BUFFER-GAS COOLING AND CONFINEMENT 
OF PARAMAGNETIC ATOMS.*
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Atomic vapor clouds of a number of paramagnetic atoms (Li, Rb, Ag, Au) have been 

produced by laser ablation in high-density buffer gas (He, N2, Ne) in a wide range of 

temperatures (4K < T < 300K). The paramagnetic atoms thermalize with the buffer gas 

within a few collisions, and are spatially confined by the slow diffusion rates. 

Paramagnetic vapor densities of 1011 cm-3 are achieved in 10 cm3 volume, and vapor 

lifetimes in excess of 100 ms are observed. Typical buffer-gas densities are 1018 cm-3.

There are two main mechanisms leading to loss of paramagnetic atoms: diffusion out of 

experimental volume dominates for low buffer-gas densities, and the onset of triple 

collisions, leading to clusterization, is the dominant loss mechanism at high buffer-gas 

densities. The techniques of laser spectroscopy, optical pumping and non-linear magneto-

optical rotation are now being applied to these paramagnetic atoms at temperatures far 

lower than those needed to maintain an appreciable saturated vapor pressure necessary 

for vapor cell-based experiments. This system may find applications in a number of 

precision experiments and devices, such as an atomic magnetometer and searches for 

permanent electric dipole moments. 

                                                           
* This work is supported by NSF. 
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Atom-Molecule Rabi Oscillations in a Mott Insulator
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Ultracold molecular gases have the potential for a variety of interesting
applications, e.g., in precision measurements or in quantum simulations. As
precision measurements are usually best performed in terms of frequency
measurements, atom-molecule Rabi oscillations open up promising oppor-
tunities in this direction. Specifically, it was proposed recently that mea-
surements of atomic scattering properties with moderate accuracy might
be used to perform sensitive tests for drifts of fundamental constants [1].
Here, we report on the experimental observation of time-resolved Rabi

Fig. 1. Time-resolved Rabi oscillations between the atomic and the molecular state.
The experimental data (•) show the number of entrance-channel atoms.

oscillations up to the 29th cycle between an atomic and a molecular state
near a Feshbach resonance (Fig. 1). As compared to earlier experiments [2],
we observe oscillations with large amplitude. The experiment uses a Mott
insulator of 87Rb in an optical lattice and a Feshbach resonance near 414 G.
The frequency and amplitude of the oscillations depend on magnetic field
in a way that is well described by a two-level model. The observed density
dependence of the oscillation frequency agrees with the theoretical expec-
tation. We confirmed that the state produced after a half-cycle contains

2

exactly one molecule at each lattice site [3]. In addition, we show that the
molecules cannot dissociate at energies corresponding to band gaps in the
optical lattice [4].

References

1. C. Chin and V. V. Flambaum, Phys. Rev. Lett. 96, 230801 (2006).
2. E.A. Donley, N.R. Claussen, S.T. Thompson, and C.E. Wiemann, Nature 417,

529 (2002).
3. T. Volz, N. Syassen, D.M. Bauer, E. Hansis, S. Dürr, and G. Rempe, Nature
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YTTERBIUM SINGLE-ION OPTICAL FREQUENCY
STANDARDS
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Germany

A single laser-cooled ion confined in a radiofrequency trap is a nearly ideal
reference for an optical frequency standard. The ion 171Yb+ has two transitions
from its 2S1/2 ground state that are attractive reference transitions: an electric-
quadrupole transition to the 2D3/2(F=2, mF=0) level at 436 nm which has a
natural linewidth of 3.1 Hz, and an electric-octupole transition to the 2F7/2(F=3,
mF=0) level at 467 nm. The natural linewidth of the latter transition is in the
nanohertz range so that the achievable resonance quality factor is practically
limited only by the short-term frequency stability of the employed probe laser
and by the heating rate of the trapped ion.

Recently we have measured the frequency of the 171Yb+ 436 nm quadrupole
transition with a total relative uncertainty of 2.0·10-15 [1]. The unperturbed
transition frequency has been recommended as a secondary realization of the SI
second [2]. The 467 nm octupole transition has been investigated
spectroscopically at NPL (Teddington, UK) [3].

Precise comparisons between the frequencies of the 436 nm and the 467
nm transitions of Yb+ over a period of a few years can be used for a highly
sensitive, model-independent search for temporal variations of the fine
structure constant α [4]. In a local frequency comparison based on a
femtosecond frequency comb generator, the ratio of the transition frequencies
can be measured with an accuracy that is independent of the limitations of
microwave frequency standards and of long-distance time transfer techniques.

2

In order to enable local frequency comparisons between the two Yb+

transition frequencies, we are presently developing a standard based on the
467 nm octupole transition. In this contribution, we discuss recent results and
perspectives for the two Yb+ standards.
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Cavity enhanced direct frequency comb spectroscopy (DFCS) combines the broad 

bandwidth and precision frequency capabilities of the frequency comb with the high 

sensitivity to optical loss of a high finesse optical cavity.  Precise control of an optical 

frequency comb allows the individual comb components to be coherently coupled to 

corresponding resonance modes of the high finesse optical cavity.  By constructing the 

cavity from broad bandwidth, and low dispersion reflectors, large spectral bandwidths 

ranging from 15% to 40% of the center optical frequency can be efficiently coupled. The 

long cavity lifetime dramatically enhances the effective interaction between the light field 

and intra cavity matter, making it a very sensitive approach for measurement of optical 

losses. The light transmitted from the cavity is spectrally resolved with a virtually-imaged 

phased-array spectrometer to recover the optical loss information with resolutions ranging 

from a gigahertz to several kilohertz.  Recent experiments conducted in our laboratory 

have demonstrated the use of cavity enhanced DFCS for trace detection of molecular 

components within a host gas and the mapping of the quantum state distribution of cold 

molecules in a supersonic beam.  In both cases, the wide bandwidth and ultra sensitive 

nature of the femtosecond enhancement cavity enable real time detection of multiple 

molecular species in a massively parallel fashion, greatly reducing the time required for 

molecule and state identification. The poster presents: The underlying physics of the 

coupling between a femtosecond comb and an external optical cavity; the experimental 

implementation of the cavity-enhanced DFCS with corresponding results illustrating the 

capabilities of the current systems, and finally our visions for future scientific 

explorations using these unique techniques. 
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SPECTROSCOPY OF ATOM PAIRS AND COLD
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High resolution spectra of polar alkalies are combined with data of cold col-

lisions like Feshbach resonances to obtain precise molecular potentials with

which highly reliable predictions of further cold collision properties or of for-

mation paths of deeply bound cold molecules can be made.

Keywords: Laser spectroscopy, cold collisions

1.

By the recent developments on cold atomic ensembles, cold atomic colli-
sions, Feshbach resonances at zero kinetic energy and finally cold molecules,
the need for precise spectroscopy on diatomic alkalies gained a high impor-
tance. Most researchers discovered that the spectroscopic effort on such
species stopped some time ago and moreover, just before that energy range
where the interest of the community for ultracold atoms starts. During the
last years we used laser fluorescence excitation in combination with high
resolution Fourier transform spectroscopy to study the complete energy in-
terval of binding potentials for the coupled system of singlet-triplet states
of the atomic ground state asymptote.

We will report in this poster the wide application on homo and hetero
nuclear molecules( e.g. NaRb, NaCs,2 LiCs, and LiRb ) to derive pre-
cise data which are able to model ultra cold collisions reliably including

2

resonance structure. The spectra show clearly hyperfine structure and the
singlet-triplet coupling by hyperfine interaction, which is taken into account
by coupled channels calculations during the evaluation.

In recent developments we included also in our fitting process the ob-
served Feshbach resonances, for which we give the well developed example
of KRb.

The next steps of experimental development will be the application of
molecular beams to increase the accuracy of the modeling. First positive
results using Franck-Condon pumping to reach the molecular levels located
directly at the atomic ground state asymptote were obtained for Na2

1 some
years ago. Recently, we succeeded in observing NaK in the beam.

References

1. C. Samuelis, E. Tiesinga, T. Laue, M. Elbs, H. Knöckel, and E. Tiemann.
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We consider the density response of rare degenerate Bose–gas with respect

to small perturbations of temperature. The so-called BKV model of kinetic

Boltzmann equation is used. The numerical solution demonstrates the sharp

density behavior similar to one in the case of hydrodynamic conservation laws.

Keywords: Bose–Einstein condensate; kinetic equations; sharp peak density

solutions.

1. Background.

We consider the approximate BKV–model1 of Boltzmann kinetic equations
without external forces

∂f

∂t
+ v

∂f

∂r
= ν (fe − f) (1)

(ν = const) where fe is the Bose–Einstein distribution of ideal degenerate
gas.

In the case of spherical symmetry, when the distribution f = f(r,v, t)
depends on three coordinates and time, where r = |r|, v = |v|, and s =
rv/rv., Eq. (1) becomes

∂f

∂t
+ v

(
s
∂f

∂r
+

1 − s2

r

∂f

∂s

)
= ν (fe − f) (2)

where the macroscopic variables ρ, V and T depend only on r (V = V r/r,

where V = V (r) and |V | = |V|).
We have the initial condition

f(r, s, v, t)|t=0 = fe(ρ0(r), V0(r), T0(r), s, v) (3)

where ρ0(r), V0(r), T0(r) are given functions.

2

2. Main result.

For each discrete time step, Eq. (2) is solved in two stages. First, we solve
Eq. (2) without right part. Second, we take into account the right part
of Eq. (2) which accounts for particle collisions. Function fe depends on
variables ρ(r), V (r), T (r), that are defined by means of three integrals of
f with respect to s and v and, consequently, depend on t.

Following Refs. 2–4, we took initial values ρ0(r) = ρ0 = const, V0(r) =
0 and set a temperature perturbation as a power function of the radius
T0(r) = T0 · min(1, 1 − C1(1 − (C2r/R)β)). The temperature T0 was set
below the critical. The size of the perturbation area was several times less
than the sphere radius (parameter C2 = 4). Parameter C1, that specifies the
magnitude of temperature perturbation, was set to 0.25. The parameter of
β was taken in the range 0.5 . . . 2.5. The computations were stopped when
the perturbation reached the boundary of the considered sphere.

We obtained a sharp density peak in the sphere center for all β from
the interval considered. The density as a function of r has sharp peaks, the
density peak in the sphere center being significantly grater than that of the
degenerate Fermi–gas (corresponding computations for the Fermi-gas were
also carried out).

This is in agreement with results of Refs. 2–4.
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A two-dimensional array of Josephson-coupled Bose-Einstein condensates is created by 

loading a Bose-Einstein condensate into a two-dimensional optical lattice. By tuning 

Josephson (tunneling) energy J and thermal energy T, vortex proliferation in the 

Berezinskii-Kosterlitz-Thouless regime is observed. As long as the Josephson energy 

exceeds the thermal energy, the array is vortex-free. With decreasing J/T, vortices appear 

in the system in ever greater numbers. We confirm thermal activation as the vortex 

formation mechanism, and obtain information on the size of the bound vortex pairs as J/T 

is varied.  
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We present our progress on developping atom-interferometric inertial sensors

in microgravity.

The use of ultracold atomic gases as a source for matter-wave interfer-
ometry allows high signal-to-noise ratio due to high densities and narrow
momentum-spectra. To avoid inhomogeneities of external potential, propa-
gation between beam splitters in an atom interferometer is usually achieved
via free-fall. The precision of an interferometric measurement is limited in
current high-precision experiments by the propagation time of the atoms,
itself limited by the free expansion of the atomic cloud in the vacuum cham-
ber. The use of a Bose-condensed cloud dramaticaly reduces the ballistic
expansion and allows for long propagation times.

In the presence of gravity, accessing such long fall times requires
very large vacuum system. We present progress on transportable atom-
interferometry apparatuses that can be used on an airplane, in ballistic
flights, to perform measurements in microgravity.

A novel laser source using standard fibered telecom components and fre-
quency doubling to rubidium wavelength (780nm) allows for compact and
transportable laser sources suitable for laser cooling and coherent manip-
ulation of atoms in a noisy environment. A cold-atom apparatus has been
built to test coherent-splitting of laser-cooled rubidium clouds in ballistic

2

flights. It has been tested to produce a magneto-optical trap during a flight
campaign late March.

In addition, a more complex apparatus is under construction to allow
rapid cooling to degeneracy in a microgravity parabola. A mixture of quan-
tum degenerate gases, bosonic 87Rb and fermionic 40K, will be used in a
Raman-pulse interferometer for accelerometry.

High density samples such as Bose-condensed gases used for long time
of flight measurements suffer from important interaction effects, giving rise
to systematic shifts in interferometric measurements. Fermionic degener-
ate gases have a broad momentum distribution but negligible collisions.
We plan to study the importance of interaction shifts in our 87Rb bosonic
sample using a Fermi gas of 40K.

We will present some technical achievements in our experimental appa-
ratuses, give an outline of some possible microgravity measurements and
an estimation of the experimental limits.
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SPECTROSCOPY ON ATOMIC RUBIDIUM AT 500 BAR
BUFFER GAS PRESSURE: TOWARDS THERMAL

EQUILIBRIUM OF COUPLED ATOM-LIGHT-STATES
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Institut für Angewandte Physik, Universität Bonn,

Wegelerstraße 8, D-53115 Bonn, Germany
∗E-mail: vogl@iap.uni-bonn.de
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In usual experiments in atomic physics the observed linewidth of the

fluorescence is many orders of magnitude below the room temperature, so

that the excitation profile is widely unaffected by the statistical distribu-

tion function. We report on experiments in which by near 500 bar buffer

gas pressure in a high pressure cell, linewidths of a few nanometers of the

rubidium D-lines are reached (Fig. 1). With high light intensities of the ex-

citing laser light the resonance lines are additional power-broadened above

values of kBT (� 1.1 · 1013 Hz at 510 K cell temperature). In this parameter
range we observe a strong asymmetry of the fluorescence line, in which the

blue wings of the lines are strongly enhanced. More clear evidence is ob-

tained when extrapolating the observed fluorescence signals to infinite laser

power (Fig. 2), as in this limit spontaneous decay processes, driving the sys-

tem out of equilibrium, are negligible. We interpret the data as evidence for

the coupled atom-light states (dressed states) to reach thermal equilibrium.

The thermalisation is here realized by atom-buffer gas collisions. Rate equa-

tions for the coupled atom-light system under frequent buffer gas collisions

indicate strong deviations from the usual excitation spectrum when the

system reaches thermal equilibrium. Our data agree reasonably well with

this predictions. For the future, we expect interesting new experiments on

the collective dynamics of hybride atom-light-quasiparticles (polaritons) in

this novel high pressure system.
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Fig. 1. Fluorescence spectrum of the rubidium D-lines at 500 bar argon (a) and 400
bar helium (b) buffer gas pressure for different optical beam powers. The small drawings
on the top indicate the population of the dressed states on the red and blue side of the
electronic transition respectively.
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Fig. 2. (a) fluorescence of rubidium atoms at 400 bar helium buffer gas as a function of
optical power for different laser frequencies. The experimental data has been fitted with
the expected saturation dependence of our model. (b) Expected atomic fluorescence at
infinite laser power, obtained from extrapolation curves as in (a), versus laser frequency.
The shown error bars were obtained from the extrapolation fits. The data has been
fitted with a Fermi-Dirac distribution, as expected for thermal equilibrium of the two-
level dressed state system.
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MULTIPLE FREQUENCY MODULATION FOR LOW-LIGHT 
ATOM MEASUREMENTS IN AN OPTICAL CAVITY*

GEERT VRIJSEN, JONGMIN LEE, IGOR TEPER, ROMAIN LONG†, ARI 
TUCHMAN, MARK KASEVICH

Physics Department, Stanford University, 382 Via Pueblo Mall 
Stanford, CA 94305-4060

We present a frequency modulation scheme to dispersively detect atoms in a high finesse 
optical cavity at low light levels with immunity to cavity length fluctuations.  
Simultaneous use of multiple cavity resonances provides common mode noise rejection. 

1.   Motivation 

Non-destructive detection of cold atom clouds is a promising method for the 
generation of atomic squeezed states1, which can improve the performance of 
atomic clocks and interferometers2.  An optical cavity reduces the spontaneous 
emission rate of an atomic ensemble by the square root of the cavity finesse for 
a give signal-to-noise ratio3, thereby increasing the attainable degree of 
squeezing over free space atoms.  While techniques have been developed for 
both dispersive detections at low light levels4, as well as noise-immune 
measurements in optical cavities5,6, these requirements have not previously been 
simultaneously met. 

2.   Method 

Multiple modulation sidebands, each matched to a different cavity resonance, 
are used to provide common mode noise rejection.  The high-intensity carrier is 
kept off-resonant from the cavity modes to maintain low light levels while 
providing photon-shot noise limited detection in the cavity reflection.  We use 
this method to measure the optical phase shift of a detuned sideband interacting 
with the atomic cloud.  Atoms are prepared in the cavity using standard laser 
cooling techniques. 

                                                          
* This work is supported by DARPA and the MURI on Quantum Metrology sponsored by the Office 

of Naval Research. 
† Present address: Laboratoire Kastler Brossel, Départment de Physique de l’École Normale 

Supérieure, 24 Rue Lhomond, 75231 Paris Cedex 05, France. 

1

2

3.   Result 

In the far-detuned limit,  where �� /2Ng�� g is the atom-cavity coupling, 
 is the detuning from the atomic resonance, and  is the number of atoms in 

the cavity mode.  Figure 1 shows the frequency shift per atom scaling inversely 
with , measured with our frequency-modulation scheme. 

� N

�

Figure 1. Frequency shift of the cavity resonance per atom vs. detuning between the probe sideband 
and the atomic resonance.  Inset shows a frequency sweep of the probe sideband in the cold cavity 
case and when atoms are loaded into the cavity mode volume. 
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EFFECT BASED ON COLD ATOM INTERFEROMETRY 
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In the past forty years, there have been intensive studies on quantum Zeno effect 

(QZE). The QZE is the suppression of the decay of an unstable system or 

transition between different quantum states by frequent or continuous 

measurements. Although it is firstly proposed as a paradox or even a defect in 

quantum mechanics, many experiments1,2 have confirmed the observation of this 

counterintuitive effect, and there are ceaseless theoretical studies about the 

concept and understanding of QZE. 

Oscillating system is an important physical system to study the quantum 

Zeno effect. Based on our cold atom interferometry system, recently we carried 

out an experiment to observe the unique property of QZE. For cold atomic cloud 

of 85Rb, a coherent Raman transition between two hyperfine ground states 1
and 2  was induced by laser beams denoted by R1 and R2, as shown in figure 1. 

The atoms are initially in the state 1 . During the coherent transition between 

1  and 2 , there is a measurement on the state 2  using a continuous 

measurement laser M inducing the transition between 2  and unstable state 

3 . The population in the state 1  was measured to show QZE. 

Different from the previous experiments such as [2], we used a 2  pulse in 

inducing the coherent transition between two states 1  and 2 . Compared to 

the ordinary  pulse, an interesting merit of 2  pulse lies in that the 

manifestation of QZE can be shown as a peak in the relation between the 

strength, frequency detuning of the measurement laser and D, where D=1-P 

with P being the probability of finding an atom in the state 1  at the final time 

of the 2  pulse. 

1

2

Figure 1: The scheme of the observation of quantum Zeno effect. 

Figure 2 gives our main experimental data and theoretical simulation. For 

resonant measurement laser, we see a clear peak in D, and for the measurement 

laser intensity beyond the peak, there is a true QZE. It is interesting to note that 

the experimental results and theoretical simulation show that for large detuning 

shown in figure 2, we always do not find a peak. This means that too large 

detuning is not realistic to observe QZE when unavoidable experimental noise 

etc exist. In brief, our studies show that a 2  pulse can give us more objective 

criteria to judge whether or under what conditions there is a true QZE. 

Figure 2: The experimental results of D for different frequency detuning  and 

measurement laser intensity. The solid lines are theoretical simulation. 
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1. Introduction

Resonant coupling of neutral atoms in atomic vapor to a mechanic resonator
has been demonstrated through optical observation of magnetic Zeeman
resonance excited by motion of a mechanic cantilever.1 We analyze here
the possibility of observing a sample of laser-cooled atoms magnetically
trapped in the field gradient on the cantilever tip.2

2. Experimental setup and discussion

In our proposed experiment, a cloud with about 108 Rb atoms is collected in
a magneto-optical trap (MOT) and laser-cooled down to 15 μK in a vacuum
chamber at a pressure of 10−9 torr. The atoms will then be released, pulled
by gravity, and stopped near a cantilever with a magnetic tip, which is
located 20 cm below the MOT.

A magnetic gradient from a coil near the cantilever, in combination with
a uniform magnetic field, creates a magnetic trapping potential to confine
the atoms as shown in Fig. 1. Atoms will be transferred to and trapped by
the magnetic field from the cantilever by ramping the uniform field and the
current in the coil.

Once atoms are trapped by the cantilever tip, motion of the cantilever
will be driven capacitively. An oscillating magnetic field produced by the

2

Fig. 1. Magnetic trap geometry. The coil and cantilever create a magnetic gradient.
The uniform field cancels the field from the coil and the cantilever at one position and
forms a magnetic trap for the atoms.

cantilever motion can induce spin-flips in trapped atoms.3 Discussions and
simulations of such a trap and cantilever design will be shown in detail.

∗This is a contribution of NIST, an agency of the US government, and
is not subject to copyright.

References

1. Y.-J. Wang, M. Eardley, S. Knappe, J. Moreland, L. Hollberg and J. Kitching,
Phys. Rev. Lett. 97, p. 227602 (2006).

2. V. Vuletic, T. Fischer, M. Praeger, T. W. Hänsch, and C. Zimmermann, Phys.
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We have realized an atom-photon quantum interface based on an optical high-

finesse cavity. We demonstrate it by entangling a single atom with a single

photon emitted into the cavity and by mapping the quantum state of the atom

onto a second single photon. The latter step disentangles the atom from the

light and produces an entangled photon pair.

Keywords: atom-cavity system, entanglement, state mapping;

Atom-cavity systems with the ability to generate single photons1–5 pro-
vide an ideal toolbox for quantum networks. Atoms stored in an intra cavity
dipole trap for several seconds,6 act as quantum memories, whereas pho-
tons interconnect those distant nodes. The interface between stationary and
flying qubits provided by the cavity boosts the overall efficiency of single
photon generation compared to free-space and makes a state transfer from
a single atom onto a single photon possible. This is demonstrated with
the experimental realization of our intrinsically deterministic scheme (see
Fig. 1) that creates an atom-photon entanglement followed by subsequent
state mapping of the atomic state onto a second photon.

A single 87Rb atom is coupled to an optical cavity and prepared in
the |F = 2,mF = 0〉 state of the 5S1/2 ground level by optical pumping.
With the cavity axis as quantization direction, the cavity supports circu-
larly polarized σ+ and σ− polarization modes. A π-polarized laser (res-
onant with the transition from F=2 to F’=1 of the excited 5P3/2 level)
together with the cavity (resonant with the transition from F=1 to F’=1)
drives a vacuum-stimulated Raman adiabatic passage to the |F = 1〉 state
of the electronic ground level. Two different paths are possible, one to
state |+1〉 ≡ |F = 1,mF = +1〉 resulting in the generation of a σ− pho-

2

Fig. 1. Relevant levels and transitions to first, (a) entangle a single 87Rb atom with a
single photon emitted into the cavity mode, and, second, (b) map the atomic state onto

a second photon emitted into the same mode. Details are explained in the text.

ton, and one to state |−1〉 ≡ |F = 1,mF = −1〉 resulting in the genera-
tion of a σ+ photon. After photon emission the system is in the entangled
state|Ψ〉 = 1√

2
(|+1, σ−〉 − |−1, σ+〉), where the phase of the superposition

is defined by the transition amplitudes from the |F = 2,mF = 0〉 state to
the |+1〉 and |−1〉 states.

To map the atomic state onto a second photon a π-polarized laser reso-
nant with the transition from F=1 to F’=1 together with the cavity drives
a second Raman adiabatic passage. The population in state |+1〉 is trans-
ferred to |0〉 ≡ |F = 1,mF = 0〉 and a σ+ photon is emitted, while the pop-
ulation in |−1〉 is also transferred to |0〉, but now a σ− photon is emitted.
The atom-photon entanglement is therefore converted into a polarization
entanglement between two photons, |Ψ〉 = 1√

2
(|σ+, σ−〉 − |σ−, σ+〉), while

the atom is disentangled from the light. The state of the two photons is
analyzed by tomography of their polarization states, which also probes the
prior entanglement between the atom and the first photon.

References

1. A. Kuhn, M. Hennrich and G. Rempe, Phys. Rev. Lett. 89, p. 067901 (2002).
2. J. McKeever, A. Boca, A. D. Boozer, R. Miller, J. R. Buck, A. Kuzmich and

H. J. Kimble, Science 303, 1992 (2004).
3. M. Keller, B. Lange, K. Hayasaka, W. Lange and H. Walther, Nature 431,

1075 (2004).
4. T. Wilk, S. C. Webster, H. P. Specht, G. Rempe and A. Kuhn, Phys. Rev.

Lett. 98, p. 063601 (2007).
5. M. Hijlkema, B. Weber, H. P. Specht, S. C. Webster, A. Kuhn and G. Rempe,

Nature Phys. 3, 253 (2007).
6. S. Nußmann, M. Hijlkema, B. Weber, F. Rohde, G. Rempe and A. Kuhn,

Phys. Rev. Lett. 95, p. 173602 (2005).

152

Poster No. 108



1

MICROFABRICATION PROCESS DEVELOPMENT FOR ION 
TRAP CHIPS BASED ON PLANAR SILICA-ON-SILICON 

TECHNOLOGY

G. WILPERS, M. BROWNNUTT, P. GILL, A.G. SINCLAIR 

National Physical Laboratory 
Teddington, Middlesex TW11 0LW, United Kingdom

R.C. THOMPSON 

Blackett Laboratory, Imperial College London 
London SW7 2BZ , United Kingdom 

We have developed a design for a microfabricated ion trap based on SiO2-on-Si 

technology. The trap potential and electrical operating characteristics have been modeled. 

The individual processing steps for fabricating these ion trap chips have been 

demonstrated. Work to combine these steps to a complete process is ongoing and will be 

described. 

An ion trap containing an array of independent trapping segments is a possible 

architecture for an ion-trap quantum computer [1]. Linear segmented ion traps 

have been fabricated using Au-coated alumina [2,3] and doped GaAs [4]. 

Current developments include planar traps constructed on silicon [5,6], using 

metallic electrodes, and dielectrics of SiN and SiO2. We proposed a trap with 

electrodes made of Au-coated SiO2 that are spaced by highly doped silicon in a 

monolithic structure [7], and have been developing the processing techniques 

required for fabrication. Unit aspect-ratio traps can be fabricated resulting in 

deep trapping potentials, and complex arrays for trapping large numbers of ions 

are possible using this approach. Traps fabricated with this technology could be 

integrated with optical fibres and on-chip modulators. 

With the trap electrodes in a unit aspect-ratio configuration, finite element 

modeling of the trap design shows that useful operating characteristics can be 

achieved. We have modeled the trapping potential for ion-electrode separations 

R in the range 90 m R  350 m. For R = 160 m, radial and axial motional 

frequencies of r/(2 ) = 4.5 MHz and z/(2 ) = 2.0 MHz are possible with 

realistic parameters (RF amplitude of 160 V and frequency of 21 MHz). The Si 

resistivity is chosen to be 10 3 cm, to limit RF heating of the trap chip and to 

2

avoid charge build up on the Si surface close to the ions. With these operating 

conditions, it is calculated that 0.4 mW of heat is generated, resulting in a 10 K 

temperature rise for a 9 mm × 9 mm trap chip.  

To create a 3D trap structure, a thermally oxidised Si wafer is processed 

using a combination of lithography, isotropic and anisotropic etching, and 

electroplating. A 15 m thick layer of SiO2 is grown on each side of the Si 

wafer; Au electrodes and tracks are then evaporated onto the SiO2 surfaces. A 

SiO2 etch removes the dielectric where the trap aperture is to exist, and between 

the electrodes (resulting in “fingers”). Following this, another etch process 

removes the Si to create the trap aperture; this etch also removes Si from under 

the SiO2 electrode “fingers” to form cantilevers. The undersides and ends of the 

SiO2 cantilever fingers are then coated with gold using a shadow evaporation 

technique. The electrodes are completed by electroplating out to ~5 m

thickness with ~10 nm RMS roughness. All of these processing steps have been 

demonstrated individually. Difficulties currently exist in combining these steps 

together; latest progress will be reported. We have developed a compact design 

for UHV packaging of these ion trap chips, which includes a simple solution for 

the many electrical feedthrough connections required. Details of this will be 

presented.
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The interference between two initially spatially-separated Bose-Einstein 

condensates (BECs) is a fundamental physical problem. The potential 

application of atom interferometry makes the theoretical and experimental 

researches on the interference mechanism become quite attractive. 

In an exciting experiment by MIT's group [1], clear interference fringes 

were observed for two initially independent Bose condensates in dilute gas. In 

MIT’s experiment, the cold atomic cloud was trapped in a double well potential. 

When the central barrier is sufficiently high, the tunneling between two wells 

can be omitted, and thus after evaporative cooling, two completely independent 

condensates can be created. After the double well was switched off, two 

condensates would expand freely and overlap after sufficient expansion time. A 

remarkable experimental result was found by MIT’s group, where clear 

interference fringes were observed for two initially independent condensates.

The mystery in MIT’s experiment [1] lies in that after simple and standard 

calculation, it seems that there are no interference fringes in the density 

expectation value (see for example [2]). Presently, the most popular viewpoint is 

the so-called measurement-induced interference theory [3]. Measurement-

induced interference theory thinks that before the measurement of the density 

distribution, there is no interference term in the density expectation value even 

after the overlapping between two initially independent condensates. In 

measurement-induced interference interpretation, it is thought that the 

measurement process and the interference terms in the two-particle correlation 

would establish the coherence between two overlapping and initially 
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Nos. 2006CB921406, 2005CB724508.
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2

independent condensates. When the number of particles is much larger than 

one, with more and more particles being detected, the interference fringes would 

emerge with a random shift in a single-shot experiment. 

Recently, we reconsider the physical mechanism of the interference 

phenomenon for two initially independent Bose condensates. In the ordinary 

calculation of the density expectation value before measurement, the ideal Bose 

gas model was adopted [2]. In MIT’s experiment, however, there is interatomic 

interaction. We find that when interatomic interaction is considered, there would 

be already clear interference fringes in the density expectation value [4]. By 

using the experimental parameters of MIT’s experiment, we find very good 

agreement between our theory and the experimental results of MIT’s group. 

Although our calculations are quite complex, the physical mechanism of 

our interaction-induced interference theory is simple. After the overlapping 

between two initially independent condensates, due to the interatomic 

interaction, there are coherent particle-number exchanges between two 

condensates [4,5]. The spatial coherence between two condensates would be 

established in this situation, and it is natural that there would be clear 

interference fringes.

Recently, we noticed that two different theoretical groups also found that 

interatomic interaction can induce interference fringes for two initially 

independent condensates [6-7]. Most recently, density-density correlation was 

proposed to test further the measurement-induced interference theory and 

interaction-induced interference theory [8]. 

References

[1] Andrews et al, Science 275, 637 (1997). 

[2] A. J. Leggett, Rev. Mod. Phys. 73, 307 (2001). 

[3] J. Javanainen, S. M. Yoo, Phys. Rev. Lett. 76, 161 (1996); M. Naraschewski et al, 

Phys. Rev. A 54, 2185 (1996); J. I. Cirac et al, Phys. Rev. A 54, R3714 (1996); Y. Castin, 

J. Dalibard, Phys. Rev. A 55, 4330 (1997). 

[4] H. W. Xiong, S. J. Liu, M. S. Zhan, cond-mat/0507354 (2005); H. W. Xiong, S. J. 

Liu, M. S. Zhan, New J. Phys. 8, 245 (2006). 

[5] H. W. Xiong, S. J. Liu, M. S. Zhan, Phys. Rev. B 73, 224505 (2006). 

[6] L. S. Cederbaum et al, Phys. Rev. Lett. 98, 110405 (2007). 

[7] D. Masiello, W. P. Reinhardt, cond-mat/0702067 (2007). 

[8] S. J. Liu, H. W. Xiong, cond-mat/0612133 (2006). 

154

Poster No. 110



1

High Resolution Stimulated Raman Spectroscopy for the D3/2

and D5/2 Metastable States Qubit in
40

Ca
+

Rekishu Yamazaki2, Hideyuki Sawamura1, Kenji Toyoda1,2, Utako Tanaka1,2 and

Shinji Urabe1,2

1Graduate School of Engineering Science, Osaka University,
1-3 Machikaneyama, Toyonaka, Osaka 560-8531, Japan

2JST, 4-1-8 Honcho, Kawaguchi-shi, Saitama 332-0012, Japan

We are investigating a possibility of using two metastable states, D3/2

and D5/2, in 40Ca+ as a qubit for the ion trap based quantum information
processing. The use of two metastable states with a Raman coupling could
ensure a large Rabi-frequency and therefore the gate speed, however, the
large level separation of about 1.8 THz is an obstacle for the preparation of
the phase-coherent Raman beams. We have developed a phase-locked laser
system where the frequency difference of over a THz was bridged with a use
of optical comb generator (OCG). Raman spectroscopy of the Zeeman sub-
levels between the D3/2 and D5/2 metastable states was performed with the
developed laser system. We report the results of the Raman spectroscopy
as well as the direct measurement of the level separation between the D3/2

and D5/2 metastable states in 40Ca+. In the best of our knowledge, the
direct determination of the level separation between the two levels has not
been performed previously. The effect of the AC Stark shift and the DC
magnetic field was accounted for the determination of the level separation.
We also discuss the current progress and the direction in the development
of the quantum information processor using these two states.
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Fig. 1. Raman spectra observed in the experiment. 10 peaks observed in the figure are
Δm = 0 transition (4 middle peaks) and Δm = ±2 transition (3 peaks on each side).
The spectra above the data shows the calculated peak location for B=2.81 G for the
corresponding transition.
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GRAVITATIONAL SPLITTING OF A BEC IN A 10CM RING*

MATEUSZ ZAWADZKI, IAN NORRIS, AIDAN ARNOLD, AND ERLING RIIS 

SUPA, Department of Physics, University of Strathclyde

Glasgow, G4 0NG, Scotland

Bose-Einstein condensates are stored in a 10 cm diameter vertically oriented magnetic

ring trap and low loss propagation is observed over a total distance of ~2 m. After two

revolutions in the ring the radial density distribution of the BEC is bimodal with the

coolest (condensed) fraction having a fitted radial temperature of 10nK. If atoms are

initially released from the exact top of the ring the atomic cloud splits into two counter-

rotating clouds which can be recombined after one revolution.

A magnetic storage ring for atoms is formed by four current carrying loops

creating a toroidal quadrupole magnetic field [1]. An azimuthal magnetic field

from a single current carrying wire prevents Majorana losses. Additional coils

near the top of the vertically oriented ring facilitate creation of a MOT and a 

magnetic trap. The IP trap typically contains 5·108 87Rb atoms with a lifetime of

50 s. Bose-Einstein condensates (BECs) with ~2·105 atoms are formed.

Both laser cooled atoms and BECs have been released into the ring trap [1].

Figure 1 shows examples where the atoms are released ~60 mrad away from the 

top of the ring. Hence, they all disappear under the influence of gravity to one 

side but will not complete full circulation of the ring before coming to a halt

outside our viewing window after about 700 ms. The atoms then reverse

direction and reappear at the original position approximately 1.4 s after release.

An azimuthal bias field of 10 G enables the low loss propagation in Fig. 1.

After two revolutions of the ring the returning atoms display a bimodal

radial density distribution. The colder atomic distribution has a fitted radial

‘temperature’ of 10 nK, however this is an upper limit, as the condensate release

energy is mainly due to mean-field repulsion.

By tailoring the azimuthal magnetic field gradient, the BEC can be released 

from the exact top of the ring: atoms are split under the influence of gravity into 

two counter-rotating parts. Figure 2 shows that after about 1 s both parts

* This work is supported by the Royal Society of Edinburgh, EPSRC and the Scottish Universities

Physics Alliance (SUPA). 

reappear at the top of the ring, with tunable collision velocity. The present setup

realises an ideal setup for Sagnac interferometry and interference fringes with a

spatial period of 10 μm are expected when the relative velocity of the interfering

wavepackets is 0.5 mm/s. No interference fringes have been observed to date,

but the search now continues in the wake of recent experimental upgrades. 

Figure 1. Experimental storage ring dynamics for 2μK atoms (left) and a BEC (right). Numbers

denote time in ms after the release of the atoms into the ring and each frame is approximately

0.4×5.4 mm2. The atoms were initially ~60 mRad to the right of the top of the ring trap. 
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Figure 2. A BEC at the top of the ring was split into two counter-rotating clouds by the faster-than-

harmonic circular potential. These split atomic clouds can be seen recombining here after one 

revolution in the ring. Times are in ms, each image is 0.15×3.4 mm2 and is taken after a 3 ms ballistic 

expansion. Fringes are, unfortunately, currently only due to our camera.
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Transition from a Mott insulator to a two-dimensional

superfluid in an optical lattice

MARTIN ZELÁN, EMIL LUNDH, MAGNUS REHN, ROBERT SAERS AND

ANDERS KASTBERG

University of Ume̊a,

Department of Physics,
90187 Ume̊a,

Sweden.

A dimensional crossover is predicted for a Bose gas in an anisotropic
optical lattice. Upon changing the lattice depth in one direction, the gas
undergoes a quantum phase transition from a one-dimensional Mott insula-
tor to a two-dimensional superfluid. The transition is predicted to be in the
Kosterlitz-Thouless universality class with a finite jump in the superfluid
density.1 Experimentally, this transition can be detected by a series of time
of flight images, see figure 1.
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Fig. 1. Simulation of the experimental time of flight signal for the Mott insulator and

superfluid phases

2

We will realize this experimentally in a setup for 87Rb Bose-Einstein
Condensates with good optical access. The system is well prepared for ex-
periments with optical lattices with different geometry. Further more, our
lasersystem for the optical lattices allow us to easily switch from near-
resonance lattices to far detuned. There also exist plans to perform exper-
imental studies of quasi-periodic lattices.
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EXTENDING THE FRONTIERS OF QUANTUM GASES TO 
MICROGRAVITY

T. C. ZOEST, E.M. RASEL, W. ERTMER FOR THE QUANTUS TEAM †

Institut für Quantenoptik – Leibniz Universität Hannover,Welfengarten 1
Hannover, 30167, Germany

Quantum matter gives unique insights into a broad range of phenomena 
in fundamental physics as well as it offers prospects for novel quantum 
sensors. Reaching ever-new frontiers in low temperature physics and 
achieving full control of these elementary quantum systems are part of 
the central motivations for research on cooling and manipulation of 
atoms. The breaking of temperature records opened the way to many 
new scientific achievements, like atom interferometers and atomic clocks 
with highest accuracy, novel phase transitions or atom lasers.
Microgravity will extend the science of quantum gases towards 
inaccessible regimes of lowest temperatures below picokelvins, 
macroscopic dimensions, and unequalled durations of the unperturbed 
evolution of these distinguished quantum objects. These conditions set 
the stage for a study of the physics of ultra-dilute gases and giant matter-
waves and the control of these macroscopic quantum objects quantum 
gas mixtures in an environment unbiased by gravity. Microgravity is also 
a decisive ingredient for the next leap in tests in fundamental physics of 
gravity, relativity and theories beyond the standard model.
In particular, microgravity is of high relevance for matter-wave 
interferometers and experiments with quantum matter (Bose-Einstein 
Condensates or degenerate Fermi gases) as it permits the extension the 
unperturbed free fall of these test particles in a low-noise environment. 
This is a prerequisite for fundamental tests in the quantum domain such 
as the equivalence principle or the realisation of ideal reference systems. 
The QUANTUS team, formed by a consortium of the Leibniz University 
of Hanover, the University of Hamburg, Berlin, Ulm and ZARM as well as 
the Max-Planck Institute, realised a compact facility to study a Rubidium 
Bose-Einstein Condensate in the extended free fall at the drop tower in 
Bremen and during parabolic flights. The facility will permit to study the 
generation and outcoupling of BEC in microgravity, the study of 
decoherence and atom interferometry. The remote controlled and 
                                                          
† Work supported by DLR 50 WM 0346, Germany. 

2

miniaturised facility, which produces Bose-Einstein condensates of 
Rubidium, is presently under preparation for the first drops in early fall 
2007. Precursor experiments demonstrating magneto-optical trapping 
during a sequence of drops of 4 seconds duration have been performed 
last December. 

158

Poster No. 114



1

Ca
+

IONS FOR FREQUENCY METROLOGY

C. ZUMSTEG, C. CHAMPENOIS, P. DUBÉ†, G. HAGEL,
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∗E-mail: Martina.Knoop@univ-provence.fr

Rf trapped earth-alkaline ions are versatile candidates for frequency metrology.
The electric quadrupole transition between the ground and the first metastable
state is a first choice for a frequency standard in the optical domain, while a
CPT interrogation protocol can combine three optical photons and serve as a
reference for THz radiation.

1. Optical metrology

Among the candidates for an optical frequency standard, a single Ca+ ion
is extremely attractive. The electric quadrupole transition at 729 nm pro-
posed as frequency reference (clock transition) has a natural linewidth be-
low 200 mHz corresponding to a quality factor of 2× 1015; the wavelengths
of the required lasers lie in the visible and near-infrared domain. A sin-
gle Ca+ ion, cooled in a miniature radiofrequency trap and confined in the
Lamb-Dicke regime, is an almost perfectly isolated atomic system suited for
long interrogation times. The main contribution to the systematic uncer-
tainty of this frequency standard, at the 9× 10−16 level, is the Stark effect
due to black body radiation at room temperature, provided the quadrupole
shift is corrected. Frequency stability is limited by the quantum projection
noise and is expected to reach 2.5 × 10−15/

√
τ . The Ca+ ion is expected

to outperform the best microwave atomic frequency references, and to be
competitive with other atomic optical frequency references.

Probing of the clock transition of a single ion is carried out using quan-
tum jump statistics which requires interrogation times of several seconds to
avoid power broadening. The line width of the probe laser (local oscillator)

2

should reach the hertz level for a duration at least as long as the interroga-
tion time to take full advantage of the quality factor of the clock transition.
Our local oscillator is a lab-built titanium-sapphire laser pumped with 5
W of laser radiation at 532 nm, stabilised onto an Invar reference cavity.
Measurement by an auto-correlation technique yields a linewidth below the
kHz with a resolution limited by the length of our optical fibre (10 km).
Absolute stabilisation of the clock laser on an ultra-stable high-finesse ULE
cavity is under way. To record the clock signal, the discrete Doppler fre-
quency profile must be reduced to only few bands. To this purpose, the ion
should be localized to better than 120 nm (Lamb-Dicke regime) by laser
cooling and optimization of the trapping field.

2. THz metrology

The ultra-narrow quadrupole transition, combined with the two cooling
lasers, can also be used to create three-photon coherent population trapping
in a dark state. This provides a p method to create a coherent superposition
of the two metastable states. The dark line can be employed for frequency
metrology in the THz domain in a robust set-up with the interrogation of
a (large) ion cloud thanks to the (first order) Doppler-free geometry of the
laser beams.1 The aimed frequency stability lies in the 10−14 range. The
referenced THz signal can be propagated over long distances, the useful
information being carried by the relative frequency of the three optical
photons.
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