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1.1.1

SUMMARY OF SCIENTIFIC ACTIVITIES

1.1.1 SUMMARY OF SCIENTIFIC ACTIVITIES

The group's research activities focus on the experimental
and theoretical investigation of fundamental quantum
effects in a broad range of research fields including

e Bose-Einstein condensation,

* cavity quantum electrodynamics,
e quantum information science,

e cold molecules.

Highlights include but are not limited to the first

* realization of a quantum state with exactly one
molecule at each site of an optical lattice,

e demonstration of a coherent superposition bet-
ween atom pairs and molecules,

* realization of a one-dimensional strongly corre-
lated gas of bosonic molecules,

e observation of a quantum-Zeno effect in the
tunnelling of ultracold molecules,

* implementation of a genuine quantum protocol
with one-and-only-one neutral atom,

e demonstration of a quasi-deterministic quantum
interface between an atom and a photon,

e generation of a sequence of entangled photons
on the push of a button,

* observation of a genuine quantum state with
one atom bound to two optical photons.

All these achievements have so far been obtained
exclusively in our group. This success would have been
impossible without the indefatigable commitment of a
great team of co-workers.

1.1.1.1 BOSE-EINSTEIN CONDENSATION

Ultracold molecules in optical lattices offer novel ways
to create strongly-correlated quantum systems. A
variety of exotic quantum phases have been predicted
with properties strikingly different from those studied
in the terrain of weakly interacting quantum systems.
In the past two years, we focused our activities on the
preparation of ultracold molecules in optical lattices and
the exploration of the character of these many-body
quantum systems. In these studies, we clearly reached
the strongly-correlated regime.

PREPARATION OF A QUANTUM STATE WITH EXACTLY
ONE MOLECULE AT EACH SITE OF AN OPTICAL
LATTICE

Densities in ultracold atomic gases are usually very small.
Experiments are therefore in the weakly-correlated

regime, with interactions between the particles so weak
that the ensemble can well be described by a mean-field
theory. The strongly-correlated regime can be reached
by applying an optical lattice which reduces the volume
that is available to the particles and, hence, increases
the effective density. A landmark experiment in this field
was the creation of an atomic Mott insulator in 2002.
We now managed, so far as the only group worldwide,
to prepare a similar quantum state for molecules, namely
a state that contains exactly one molecule at each site of
an optical lattice [1,2]. This is achieved by first creating
an atomic Mott insulator with a central region that
contains exactly two atoms at each lattice site and then
associating molecules using a Feshbach resonance. Pairs
of atoms at the same site are converted into molecules
with conversion efficiency close to unity. This central
region of the optical lattice is surrounded by a shell of
lattice sites containing one atom each. These isolated
atoms are not affected by the Feshbach resonance.
After associating molecules in the centre, the remaining
atoms are removed from the sample using a microwave
field and radiation pressure from a laser that is resonant
with an atomic transition. The experimental data shown
in Figure 1 demonstrate that the desired quantum state
is actually prepared.

Figure 1: Quantum state with one molecule at each
lattice site. An optical lattice (blue) is loaded such
that the central region contains two atoms at each
site. A surrounding shell contains one atom per site.
A Feshbach resonance is used to associate the atom
pairs to molecules. The properties of the system are
inferred from measured momentum distributions,
such as the one shown at the top [1].

This state offers a variety of fascinating perspectives.
First, laser-induced Raman transitions could be used
to transfer the molecules into their internal ground
state. By lowering the lattice, one could then produce
a Bose-Einstein condensate of ground-state molecules.
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Second, when performing the same experiment with
heteronuclear molecules associated from a mixture of
two different species, the ground-state molecules might
have a substantial electric dipole-dipole interaction,
making the observation of novel quantum phases
possible and opening up perspectives for quantum
information processing.

ATOM-MOLECULE OSCILLATIONS
INSULATOR

IN A MOTT

The molecule association technique in Ref. [1] relies on
a slow ramp of the magnetic field across the Feshbach
resonance. Alternatively, the magnetic field can be
jumped from an off-resonant value onto the Feshbach
resonance. This induces temporal oscillations between
free atom pairs and bound molecules, as shown in
Figure 2. We experimentally observe up to 29 periods of
large-amplitude atom-molecule oscillations [3].

Figure 2: Atom molecule oscillations in a Mott
insulator. A sudden jump of the magnetic field onto
a Feshbach resonance is used to induce temporal
oscillations between free atom pairs and bound
molecules in an optical lattice [3].

STRONG DISSIPATION INHIBITS LOSSES AND INDUCES
STRONG CORRELATIONS IN COLD MOLECULAR
GASES

In all quantum-gas experiments so far, the strongly-
correlated regime was reached by employing strong
elastic interactions and weak inelastic interactions. The
latter produces losses. We have now shown that strong
inelastic interactions can inhibit particle losses by driving
the system into the strongly-correlated regime [4].

Molecules associated from bosonic atoms, such as the
87Rb atoms in our experiment, have large rate coefficients
for inelastic molecule-molecule collisions [5]. We load
our optical lattice with exactly one molecule per site. We
then lower the lattice along one spatial dimension, thus
allowing the molecules to tunnel between different sites
and explore their inelastic interactions. We find that
the resulting one-dimensional gas closely resembles a
Tonks-Girardeau gas, where strong elastic interactions
prevent particles from being at the same position. In our
experiment, the strong inelastic interactions lead to a

reflection of the particles off each other, creating a state
that is described by the same wave function as a Tonks-
Girardeau gas. The physical origin of this reflection can
be understood from an analogy to Fresnel’s formulas in
classical optics or as a manifestation of the continuous
qguantum Zeno effect [4].
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Figure 3: Strongly correlated state in one spatial
dimension. Top: Noninteracting particles in a box all
occupy the same wave function. Middle: For weak
repulsion, the density distribution is deformed, but
the particles still all occupy the same wave function.
Bottom: For strong repulsion, a Tonks gas is obtained,
where no two particles occupy the same wave
function. We drive the system into such a strongly-
correlated state using inelastic instead of elastic
interactions [4].

1.1.1.2 CAVITY QUANTUM ELECTRODYNAMICS

A two-state atom interacting with a resonant mode of
the radiation field is the elementary system underlying
the Einstein theory of spontaneous and stimulated
emission. In its modern conception the physics of this
systemis more subtle, however, than Einstein anticipated.
According to quantum theory, the interaction produces
new energy states, with the property that for strong
coupling photons and atoms loose their individual
identity. The aim of our project is to investigate such a
system in theory and experiment. We routinely operate
in the strong-coupling regime with single atoms trapped
in a high-quality cavity and cooled with novel cavity-
enhanced light forces [6,7].

We have now extended our trapping technique by
implementing a blue intracavity dipole trap [8]. This trap
has the unique advantage that an atom stored in the
cavity is hardly perturbed by the trapping light. With
the good control we have over the system, we have also
been able to demonstrate for the first time the existence
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of a quantum state made of one atom and two optical
photons [9]. Such a state has no classical analogue
and has been observed in a nonlinear spectroscopy
technique developed in our group.

BLUE TRAP AND DISPERSIVE OBSERVATION OF
SINGLE ATOMS

An established tool to localize an atom in the cavity
mode is the optical dipole trap. So far only red-detuned
dipole traps have been demonstrated in cavity quantum
electrodynamics (QED). Since the atom is trapped at
regions of high intensities, the atomic energy levels
experience an unwanted light shift. This does not occur
for a blue-detuned dipole trap. The idea of this trap is to
use detuned cavity modes to shape a potential landscape
which realizes three-dimensional confinement around a
dark trap centre, see Figure 4. Strong coupling and a
light shift much smaller than the trap height is directly
observed in the transmission spectra. As a practical
application, we demonstrated that an atom can reliably
and near-instantaneously be detected without scattering
spontaneous photons [8].

.

Figure 4: A blue intracavity dipole trap has a dark
centre. This leaves the energy levels of the atom (red)
at their unperturbed value [8].

NONLINEAR SPECTROSCOPY OF PHOTONS BOUND
TO ONE ATOM

Under the condition of strong coupling a system
composed of a single atom and a single cavity mode has
properties which are distinctively different from those
of the bare atom (without the cavity), or the bare cavity
(without the atom), or just the sum of the two. In fact
the composite system has its own characteristic energy
spectrum. This spectrum consists of an infinite ladder of
pairs of states, the dressed states. Observations of the
lowest excited state doublet of the compound atom-
cavity system were first reported for atomic beams, and
in our group with a single atom. This doublet, however,
arises wherever two coupled classical oscillators model
the linear interaction between the radiation field and
matter.

The next higher-lying doublet contains two quanta of

energy and lacks a classical explanation. Such a state
is multiphotonic in nature (see Figure 5) and therefore
has intrinsic nonlinear properties. For decades, this
nonlinearity has been searched for without success.
We have now resolved such a state and have shown
that it responds nonlinearly to the input excitation. The
agreement with quantum theory is remarkable, and at
the same time in sharp discord with classical theory [9].
Our findings open up the new research field of nonlinear
cavity QED.

Figure 5: One atom (green) bound to two photons
(red) between two highly reflecting mirrors [9].

Future experiments will focus on the quantum properties
of the light emitted by the atom-cavity system in the
quantum-nonlinear regime. This requires a better
control over the atomic motion. Towards this end, we
constructed a new cavity with better optical access for
cooling and better length-control capabilities without
compromising on mirror quality or coupling strength.

1.1.1.3 QUANTUM INFORMATION PROCESSING

In addition to studying fundamental quantum physics,
cavity QED systems are promising tools for scalable
quantum information processing. We have achieved
much progress here, including the first demonstration of
entanglement generation between an intracavity atom
and single emitted photons. We have also demonstrated
an efficient single-photon server with one-and-only-
one trapped atom coupled to an optical cavity. Both of
these experiments pave the way for the realization of a
distributed quantum network.

POLARIZATION CONTROLLED SINGLE PHOTONS

Critical to the development of a distributed quantum
processor is to establish a link between stationary
memory qubits (atoms) and travelling messenger qubits
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(photons). Building on our well established procedure
of single photon generation using vacuum-stimulated
Raman transitions [10], we realized a fundamental
requirement for atom-photon entanglement by
efficiently producing single photons with a controllable
polarization [11]. As the experimental protocol used
in these experiments had well defined initial and final
states, the efficiency of single photon production could
be greatly increased compared to previous experiments,
in this case as high as 41%.

SINGLE-ATOM SINGLE-PHOTON QUANTUM
INTERFACE

mapping laser
mapping laser
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Figure 6: Entanglement and state mapping, with
laser and cavity driving vacuum-stimulated Raman
adiabatic passages. (A) Creation of atom-photon
entanglement. (B) Atomic state mapping onto
a second photon. At the end of the protocol, the
entanglement is shared between two flying photons,
with the atom disentangled [12].

Controlled generation of photons of well defined
polarization allows for further demonstration of an
entangled atom-photon quantum interface. To this
end, we have successfully entangled a single atom
with a single emitted photon and have further mapped
the quantum state of the atom onto a second photon
[12]. After state preparation, the triggered emission
of a first photon entangles the internal state of the
atom and the polarization state of the photon. The
entanglement generation is measured by mapping the
guantum state of the atom onto the polarization state
of a second emitted photon, see Figure 6. By analyzing
the polarization state of the two emitted photons, we
confirm that the atom-photon and two-photon systems
are indeed entangled. While previous experiments with
atoms in free space have demonstrated atom-photon
entanglement, ours was the first to demonstrate qubit
state mapping from a single atomic qubit to a single
photon.

We have further shown first steps towards local control
of the atomic qubit, which may allow for the creation of
multi-photon and/or multi-atom entangled states. The
strong coupling of the atom to the cavity mode makes
these schemes intrinsically deterministic, establishing the

basic element required to realize a distributed quantum
network with atoms and photons.

SINGLE-PHOTON SERVER WITH ONE TRAPPED
ATOM

In order to achieve scalable distributed entanglement,
it is important for the interaction time between the
atom and the cavity to be sufficiently long compared
to the time necessary for atomic state manipulations
and remote atom entanglement. By combining our
cavity QED experience with techniques for trapping
single atoms, we have increased our interaction time
between the atom and the cavity by up to six orders
of magnitude compared to our falling-atom experiment
[13]. Together with the highly efficient atom-photon
entanglement schemes discussed above, this allows for
near deterministic multi-particle entanglement.

The first step for generating atom-photon entanglement
from our trapped-atom-cavity system is to demonstrate
a source of single photons. With our long trapping
times, we are able to generate and characterize a single
photon source with one-and-only-one atom [14]. This is
demonstrated by exciting the atom-cavity system with
a sequence of laser pulses and analyzing the emitted
photon stream with single-photon detectors. The quality
of the source is specified by its intensity correlation
function evaluated during a short time interval after
system preparation, and its subsequent performance
can be granted for up to a minute (Figure 7).

Single photon server

Dipole Trap

Source characterization

3

Detector 2

Cavity

Correlations
o N & o

20-10 0 10 20

At (us)

Beam splitter

Detector 1

Rubidium Atom

Optical fiber

Single-photon user

Trigger Laser Optical Switch

Figure 7: lllustration of a single-photon server. The
performance of the system as a source of single
photons is repeatedly monitored and assured for the
end user [14].

We have also implemented an imaging system to laser
address and monitor intracavity atoms with micrometer
resolution, see Figure 8. This system also allows for the
confirmation of a single atom in real time, important for
future multi-atom entanglement protocols.

We are currently in the process of scaling to
multiple atom-cavity systems in order to establish an
entanglement between different quantum nodes. This
requires the construction of additional apparatuses
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capable of trapping a single atom within a second
high-finesse cavity. During the last year, we have
assembled and characterized such a completely
independent apparatus. All the relevant lasers have
been implemented and measured atom-storage times
compare well to our existing system. It should therefore
be possible to efficiently generate entanglement
between two remotely-located atom-cavity systems in
the near future.

Figure 8: High resolution image of a register of three
rubidium atoms trapped within our high-finesse
cavity.

1.1.1.4 COLD POLAR MOLECULES

The research field of cold molecules promises new
chemistry in a domain where the kinetic energy is no
longer available to activate a reaction. Cold polar mole-
cules are also good candidates for the implementation
of quantum-information processing schemes and the
investigation of fundamental symmetries of nature. We
have developed a robust technique to separate slow
molecules from fast molecules of a thermal effusive
source. The slow molecules are electrically guided over
large distances into a separate vacuum chamber for
further studies [15,16]. High fluxes at low velocities
have been achieved. Several laboratories worldwide
have started to set up similar sources.

Molecules from a thermal source still occupy many
rotational states. In the last two years we have
developed a laser-based method to measure the
rotational distribution in our guided beam. Moreover,
we have built a new cryogenic source which reduces the
velocity and the internal temperature of the molecules
by collisions with a cold helium buffer gas.

HIGH-RESOLUTION SPECTROSCOPY OF FORMAL-
DEHYDE

To be able to perform state-selective detection of
cold molecules, high-resolution room-temperature
spectroscopy of our prototype molecule, formaldehyde

(H,CO), was necessary as the literature data were not of
sufficient accuracy. Doppler-limited absorption spectra
of two complete vibrational bands were obtained, and
the states involved in the transitions were assigned,
thus improving the knowledge about the molecular
constants [17]. Although the electronic transitions in
H,CO in the near ultraviolet are weak and the excited
states dissociate, we managed to measure several lines
Doppler free by means of saturation spectroscopy [18].

STATE-SELECTIVE SPECTROSCOPIC DETECTION

With the insight obtained from the high-resolution
spectroscopy, we have developed an optical pumping
technique which allows us to remove molecules in a
well-defined rotational state from the electric guide. This
is achieved by means of a continuous-wave ultraviolet
laser (see Figure 9) which transfers the molecules either
into a state which is not guided or which dissociates. By
monitoring the resulting decrease of the molecular flux
we have determined the rotational distribution of the
most abundant states in our guided beam of H,CO. Our
findings are well explained by theory [19]. As the guide
allows the laser beam to be collinear with the molecules
over a significant length, the method is well suited for

Figure 9: State-selective depletion spectroscopy.
A continuous-wave laser beam collinear with the
guided molecules depletes the beam from molecules
in a certain internal state by optical pumping [19].

high-resolution spectroscopy of weak transitions.

ELECTROSTATIC EXTRACTION OF MOLECULES FROM
A CRYOGENIC BUFFER GAS

In order to reduce the number of populated states,
we have constructed a new source in which warm
molecules are injected into a cryogenic helium buffer
gas, see Figure 10. By collisions with the helium, the
external and the internal degrees of freedom of the
molecules are cooled. Through an exit hole, the cooled
molecules as well as the helium atoms escape from
the cell. Here, the polar molecules are picked up by
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the electrostatic guide. The source is operational and
produces a flux comparable with the previous setup but
with a much higher state purity. In fact, with depletion
spectroscopy we estimate that the contribution of the
highest populated state can exceed 80%, whereas the
population of that state at 300 K is only 2%.

Figure 10: Warm molecules (green) are introduced
into a cryogenic cell via a heated capillary. In the cell,
they are cooled by collisions with the cold helium gas
(blue). Both gases exit the cell through an aperture,
but only the polar molecules are guided out of the
cryostat by the electric guide.

ELECTRODYNAMIC TRAPPING OF LASER-COOLED
ATOMS

Further cooling of cold molecules might be possible by
sympathetic cooling with laser-cooled ultracold atoms. To
explore the possibility of trapping atoms and molecules
in the same spatial region, we set up an electric trap
for atoms. In contrast to polar molecules, atoms in
low-lying states cannot be trapped with static electric
fields. Hence, alternating electric fields are required.
However, the small polarizability of atoms makes the
atomic traps extremely shallow, with trap depths of the
order of a few 10 uK. Nevertheless we have been able

P

Figure 11: The alternating electric field trap seen at
two different angles. On the left, a small picture of
the atomic cloud is shown in red [20].

to store laser-cooled atoms in an all-electric trap with
the configuration outlined in Figure 11 [20]. Apart from
offering the perspective of studying collisions between
cold molecules and ultracold atoms, our technique
might also find applications in metrology.

SIMULATION OF CAVITY COOLING OF MOLECULES

An alternative approach to laser cool molecules is cavity
cooling. Here, particles are coupled to a high-finesse
cavity with a slightly higher frequency than the laser. The
cavity decay offers a channel of dissipation not relying
on spontaneous emission of the molecules. In principle,
any particle can be cooled. We showed that this method
of cooling the molecular motion can be extended to
include cooling of the internal degrees of freedom
such as rotation and vibration. We have simulated this
method for OH [21] and NO [22] and showed that with
enough laser power and in a sufficiently good cavity, the
molecules can be cooled down to one or two internal
states.
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JUNIOR RESEARCH GROUP (DFG / MPQ)

1.1.1.5 “QUANTUM SIMULATIONS WITH
TRAPPED IONS”
Leader: Dr. T. Schatz

We can not translate quantum behaviour arising with
superposition states or entanglement efficiently into
the classical language of conventional computers [1].
A universal quantum computer could describe and
help to understand complex quantum systems. But it
is envisioned to become functional only within the next
decade(s).

A shortcut was proposed via simulating the quantum
behaviour of interest in another quantum system,
where all relevant parameters and interactions can
be controlled and observables of interest detected
sufficiently well [1].

Instead of translating quantum dynamics into an
algorithm of stroboscopic quantum gate operations
to run them on a universal quantum computer, we
want to continuously control and manipulate the spins,
equivalent to the way nature evolves the system of our
interest.

Already a comparably small amount of simulation-spins,
of the order of 30-50, are supposed to be sufficient to
outperform classical computers [2]. In addition, the
fidelities of the proposed operations are predicted to be
sufficiently high in state of the art experiments and do
not have to be performed within very demanding fault
tolerant limits for universal quantum computation [3].

THE ION TRAP QUANTUM SIMULATOR

Figure 1: Fluorescence light of a 3D Coulomb crystal
- 35 laser cooled #*Mg* ions in the experimental
zone of our segmented linear Paul-trap, depicted in
Figure 2. In our first experiments we are dealing
with linear chains of ions only. To realize 2D grids
of ions (spins) for 2D quantum simulations we will
investigate new trap designs — e.g. trap arrays on
surfaces displayed in Figure 3.

Our system comprises magnesium ions, confined in
a linear Paul trap [4]. It can simulate Quantum spin
Hamiltonians, describing many solid-state systems
like magnets, high-Tc superconductors, quantum Hall
ferromagnets, ferroelectrics, et cetera. For our feasibility
study we aim for the simulation of the Quantum Ising
Hamiltonian realizing the proposal of Porras and Cirac
[3].

Two electronic levels of each ion span a two-level
system that can be interpreted (simulates) as a spin
> particle. Those are very well isolated from external
disturbances. To provide controlled interaction with and
between the simulated spins we apply rf- and laser-
fields respectively.

TECHNICAL PROGRESS

In January 2006 we had trapped our first ions and
Doppler cooled them via our two times frequency
doubled fibre-laser system [5]. Subsequently, we setup
two additional fibre laser systems for coherent control
of Mg* spins and realized the detection of the ions
with a spatial resolution < 1 um.

We set up a real time coherent experimental control
and data acquisition. In December 2006 we achieved
state-sensitive detection (fidelity > 99%), coherent
transitions in 2*Mg*" (fidelity > 99%) and motional
ground state cooling of the axial motion (<n>~ 0,01)
[4]. We could verify sufficiently low motional heating
rate (axial motion: dn/dt~0.01 quanta/ms), optimized
our operational fidelities and reduced decoherence
until June 2007 to the results given in brackets. In the
following we implemented a state-dependant optical
dipole force (to allow for the simulation of spin-spin
interaction or the implementation of phase-gates.

Figure 2: View through a laser port on our segmented
ion trap. Two wedge-shaped radio-frequency (RF)
electrodes and two segmented DC-electrodes provide
the radial and axial confinement respectively.
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EXPERIMENTAL RESULTS ON THE SIMULATION OF A
QUANTUM MAGNET

To calibrate our operational fidelities, we implemented
a geometric phase gate [6] and prepared an entangled
Bell state of two ions with a fidelity exceeding 95% in
November 2007.

Subsequently, we experimentally simulated the adiabatic
evolution of the smallest non-trivial spin system from
the paramagnetic into the (anti-)ferromagnetic order
with a quantum magnetisation for two spins of 98%
[7]. We proved that the observed transition is not driven
by thermal-fluctuations but of quantum mechanical
origin, the source of quantum-fluctuations in quantum
phase transitions. We observed a final superposition
state of the two degenerate spin configurations for the
ferromagnetic (|11)+[{{)) and the anti-ferromagnetic
([¥1)+|1L)) order, respectively. These correspond to
deterministically entangled states achieved with a
fidelity up to 88%.

Ourworkdemonstrates the building blocks forsimulating
guantum spin-Hamiltonians with trapped ions.
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Figure 3: Schematic view of an ion trap with the RF-
(black bars) and segmented DC-electrodes projected
on a surface. We plan to position segmented linear
ion traps at a distance that allows for stiff single ion
confinement and a Coulomb interaction between
ions being similar in two dimensions. If we were able
to master the technical challenges we could construct
a two-dimensional trap array and test the scalability
for two-dimensional quantum simulations.

We will explore the limits of our one dimensional
approach by investigating the dynamics for an increased
amount of spins, simulating larger spins and altering
the duration of the simulation.

Our experimental setup provides us with the necessary
tools to approach a set of additional simulation problems
we will try to access, like the strong correlation between
bosons [8], the quantum-random-walk [9], the particle
production in our early universe [10,11] or relativistic
effects described by the Dirac equation [12].

Based on new ion-trap technology it seems to become
feasible to scale the ion simulator to a larger amount
of spins and into two dimensions in surface trap arrays.
Here we could investigate quantum simulations on two
dimensional spin-grids, e.g. spin-frustration.

Experts in the field allow us to hope, starting from
arrays spanned by 10x10 ions, to provide new insight
into quantum dynamics. We aim to observe effects that
represent Quantum-Phase Transitions for many-particle
systems.

The possibility to control all the parameters of the
system individually by switching laser beams and/or trap
voltages and to address each single spin on each single
lattice site turn it into a versatile system offering tools
for analysis overcoming the access in experiments on
solid-state systems

TRAPPED IONS AND MOLECULES

In close collaboration with the group of Prof. Rempe
we founded an additional group to investigate in a
separate experimental setup, depicted schematically in
Figure 4, whether laser cooled atomic ions and cold
neutral molecules can be guided and even trapped in
the same apparatus to study their mutual interaction.
In collaboration with the Attosecond and High-Field
Phsics Division and the MAP-collaboration [14] the
group is planning to use an equivalent apparatus for
loading, trapping and sympathetic laser cooling of
(internally cold) orientated molecular ions to study fast
dynamical changes triggered by femtosecond laser
pulses via electron/X-ray scattering.

The investigation of the dynamics within a molecule
during a structural change on the relevant timescale
(<10 fs) gets into reach due to the development of new
generation MAP-light sources that might provide pulses
containing more than 10'" photons at wavelengths
promising a resolution on atomic length scales. We
should become enabled to record a diffraction pattern
from a single molecule without the need of crystalline
periodicity. The three-dimensional time-resolved struc-
ture could be retrieved from the diffraction patterns, if
the destroyed molecule can be replaced by identically
prepared copies being pounded one after the other.
But besides the brilliant work necessary to supply the
photons or further on produced electrons at the required
intensities we have to provide reproducible and precise
methods at sufficient repetition rates to prepare and
handle the molecular target of interest.

TECHNICAL PROGRESS
Until June 2006, we investigated the feasibility of

the sympathetic cooling and the separation of single
molecular ions from a larger Coulomb crystal in the trap
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of the quantum simulation experiment described above.
We realized separation cycles of close to 100% fidelity.

Starting in June 2006, the group designed and built
the experimental apparatus, consisting of a bent linear
rf-guide traversing two differential pumping stages to
reach the final UHV-chamber where the experimental
trap is located (see Figure 4). The setup was finished in
January 2008. In parallel, we completed the laser setup
and frequency doubling cavities to provide the necessary
cooling and photo-ionization wavelengths.

Being aware of the fact that we will investigate charged
molecules we will take advantage of elaborate schemes
to append additional atoms to be ionized, not to disturb
the dynamics of the molecule under investigation
or to protonate, simulating in some cases a natural
surrounding. From January to May 2008, we installed
a refurbished electro spray ionization source to provide
molecular ions in an up to now separate setup.

OUTLOOK

Until the end of 2008 we are planning to load ions in
both ancilla-traps (see chamber C1 and C3 in Figure 4)

/1\

Figure 4: Schematic view of the (ion) guide — total
length ~500mm. Four RF-rods (a) and perforated
discs (b) as DC electrodes provide the radial and
axial confinement for the (molecular) ions. Mg or
Ba atomic ovens (c) steam atoms into the guide
where they get photo ionized to provide Coulomb
crystals in chamber C3 (or C1). We will try to guide
the cold fraction of a beam of neutral molecules out
of a reservoir (h) via differential pumping stages (e)
through chambers C1 and C2 into the experimental
chamber C3 to interact with stored ions. On the other
hand we could either ionize the neutral molecules via
electron bombardment (d) or use the ESI-source (i)
to inject molecular ions of interest into the guide.
The molecular ions will be guided into chamber C3
sympathetically cooled (detected (f)), transferred
in the not jet installed segmented trap (g) to get
separated from the ion crystal and positioned for
further pump and probe experiments.

of the new setup, laser cool and detect their crystalline
order. Sympathetically cooling “simple” molecular
ions and transferring them along the guide will be the
necessary requisite to combine the system, starting in
2009, with the ESI-source to provide the molecular ions
and to append the segmented linear trap at the end of
the guide.

Ultimately, we want to realize diffraction pump-and-
probe-experiments, e.g. photo triggered isomerization
recorded by X-ray pulses provided by the MAP-
collaboration, on single molecular ions to elucidate
the structural changes during chemical reactions. We
will collaborate, on single molecular ions to elucidate
the structural changes during chemical reactions. We
will try to handle undisturbed single molecular ions
(m<10*u) by sympathetically laser cooling the external
degrees of freedom in a Coulomb crystal confined in
a Paul trap, cooling the internal rot-vibrational degrees
of freedom by buffer gas cooling close to their ground
states, separate single molecular ions into a diffraction
zone by controlling electrical fields on electrodes and
light pressure and 3D-orient them in space by additional
light pulses.
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1.7 QUANTUM DYNAMICS DIVISION

1.1.2 SURVEY OF THE RESEARCH ACTIVITIES

Bose-Einstein Condensation

Project Objective Team

Mott-like state of molecules Preparation of a quantum state with exactly one D.M. Bauer
molecule at each site of an optical lattice. S. Durr
E. Hansis
N. Syassen
T. Volz

Atom-molecule oscillations  Observation of large-amplitude oscillations between  D.M. Bauer
an atomic and a molecular state in an optical lattice.  D. Dietze
S. Darr
M. Lettner
N. Syassen
T. Volz

Dissipative Tonks gas of Driving a system into a strongly-correlated state using  D.M. Bauer
molecules inelastic interactions. D. Dietze
S. Darr
M. Lettner
N. Syassen
T. Volz

Cavity Quantum Electrodynamics

Project Objective Team

Blue trap Development of an improved intracavity dipole trap A. Kubanek
with blue-detuned light fields. K. Murr
PW.H. Pinkse
T. Puppe
I. Schuster

Non-linear cavity QED Theory, simulation and experiments on the quantum  A. Fuhrmanek
nonlinear regime of cavity QED. A. Kubanek
K. Murr
A. Ourjoumtsev
PW.H. Pinkse
T. Puppe
|. Schuster

Apparatus |l Development of a next generation strong-coupling B. Hagemann
cavity QED apparatus. M. Koch

A. Kubanek
K. Murr
A. Ourjoumtsev
PW.H. Pinkse
C. Sames
. Schuster
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1.1.2 SURVEY OF THE RESEARCH ACTIVITIES REPRINTS

Project

Higher-order cavity modes

Cavity Quantum Electrodynamics (continued)

Objective

Theory and experiments on higher-order cavity modes
beyond the paraxial approximation.

Team

B. Hagemann
M. Koch

M. Motsch
PW.H. Pinkse
M. Zeppenfeld

Quantum Information Processing

Project Objective Team
Single-photon server Emission of a bit stream of single photons from one- M. Hijlkema
and-only-one intracavity atom. H. Specht

B. Weber

S.C. Webster
Single-photon Characterisation and optimization of single-photon  H. Specht
characterisation pulses using two-photon interference phenomena. S.C. Webster

T. Wilk
Atom-photon quantum Deterministic atom-photon and photon-photon S.C. Webster
interface entanglement generation. T. Wilk

Scalability

Single-atom imaging

Investigation of scalable quantum information

processing with cavity QED systems.

Spatially resolved observation of an array of single
atoms trapped in a high-finesse cavity.

J. Bochmann

C. Erbel

G. Langfahl-Klabes
D.L. Moehring

M. Mcke

H. Specht

B. Weber

M. Hijlkema
D.L. Moehring
T. Muller

H. Specht

B. Weber
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Cold Polar Molecules

Project Objective Team
Electrodynamic trapping Investigation of electrodynamic trapping of atoms. PW.H. Pinkse
T. Rieger
Cryogenic source Development of a cryogenic source of molecules L.D.van Buuren
with buffer-gas cooling and guided extraction. M. Motsch
PW.H. Pinkse
S. Pohle
C. Sommer
Ultraviolet laser Spectroscopic study of molecules at room tem- L.D.van Buuren
spectroscopy perature and of guided slow molecules. M. Motsch
PW.H. Pinkse
M. Schenk

M. Zeppenfeld
Visible Rayleigh scattering Investigation of the cavity enhancement of light M. Motsch
scattering from molecules in the Rayleigh regime. PW.H. Pinkse
M. Zeppenfeld
Infrared laser spectroscopy ~ Development of new traps for spectroscopy and PW.H. Pinkse

cooling of molecules. M. Zeppenfeld

JUNIOR RESEARCH GROUP

Quantum Simulations with Trapped lons

Project Objective Team

Quantum Simulations with  Demonstration of feasibility for simulating a A. Friedenauer
trapped atomic ions “quantum phase transition” in a segmented linear J. Glickert
Paul-trap using atomic ions as qubits. R. Matjeschk
L. Petersen
T. Schatz
H. Schmitz
C. Schneider

Dynamical trapping of Experiment to test the possibility of guiding and S. Kahra
neutral molecules and ions  trapping neutral polar molecules and atomic (laser  G. Leschhorn
cooled) ions in the same apparatus to investigate (PW.H. Pinkse )

their mutual interaction. T. Schatz
Single molecule imaging Loading, trapping and sympathetic laser cooling of S. Kahra,
(internally cold) orientated molecular ions to study G. Leschhorn
fast dynamical changes triggered by femto-second  (E. Fill)
laser pulses via electron/X-ray scattering. (W. FuB)
(W. Schmid)
T. Schéatz
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1) Preparation of a quantum state with one molecule
at each site of an optical lattice.
T. Volz, N. Syassen, D.M. Bauer, S. Dirr, and
G. Rempe
Nature Physics 2, 692-695 (2006).
MPQ Progress Report: page 24

2) Polarization-Controlled Single Photons.
T. Wilk, S.C. Webster, H.P. Specht, G. Rempe, and
A. Kuhn
Physical Review Letters 98, 063601 (2007).
MPQ Progress Report: page 28

3) A single-photon server with just one atom.
M. Hijlkema, B. Weber, H.P. Specht, S.C. Webster,
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MPQ Progress Report: page 32
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Physical Review Letters 99, 013002 (2007).

MPQ Progress Report: page 35

5) Atom-molecule Rabi Oscillations in a Mott Insula-
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N. Syassen, D.M. Bauer, M. Lettner, D. Dietze, T. Volz,
S. Durr, and G. Rempe
Physical Review Letters 99, 033207 (2007).

MPQ Progress Report: page 39

6) Single-Atom Single-Photon Quantum Interface.
T. Wilk, S.C. Webster, A. Kuhn, and G. Rempe
Science 317, 488-490 (2007).
MPQ Progress Report: page 43

7) Trapping of Neutral Rubidium with a Macroscopic
Three-Phase Electric Trap.
T. Rieger, P. Windpassinger, S.A. Rangwala, G. Rempe,
and PW.H. Pinkse
Physical Review Letters 99, 063001 (2007).

MPQ Progress Report: page 46

8) Cavity Cooling of Internal Molecular Motion.
G. Morigi, PW.H. Pinkse, M. Kowalewski, and
R. de Vivie-Riedle
Physical Review Letters 99, 073001 (2007).
MPQ Progress Report: page 50

9) Nonlinear spectroscopy of photons bound to one
atom.
I. Schuster, A. Kubanek, A. Fuhrmanek, T. Puppe, PW.H.
Pinkse, K. Murr, and G. Rempe
Nature Physics 4, 382-385 (2008).

MPQ Progress Report: page 54

10) Strong Dissipation Inhibits Losses and Induces Cor-
relations in Cold Molecular Gases.
N. Syassen, D.M. Bauer, M. Lettner, T. Volz, D. Dietze,
J.J. Garcia-Ripoll, J.I. Cirac, G. Rempe, and S. Durr
Science 320, 1329-1331 (2008).
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because these systems bear great potential for applications

in quantum simulations and quantum information
processing, in particular when using particles with a long-
range dipole-dipole interaction, such as polar molecules'~. Here
we show the preparation of a quantum state with exactly one
molecule at each site of an optical lattice. The molecules are
produced from an atomic Mott insulator® with a density profile
chosen such that the central region of the gas contains two atoms
per lattice site. A Feshbach resonance is used to associate the
atom pairs to molecules”*. The remaining atoms can be removed
with blast light'*"*. The technique does not rely on the molecule—
molecule interaction properties and is therefore applicable to
many systems.

A variety of interesting proposals for quantum information
processing and quantum simulations'™ require as a prerequisite a
quantum state of ultracold polar molecules in an optical lattice,
where each lattice site is occupied by exactly one molecule. A
promising strategy for the creation of such molecules is based on
the association of ultracold atoms using a Feshbach resonance,
or photoassociation and subsequent transfer to a much lower
rovibrational level using Raman transitions'®. If the molecule—
molecule interactions are predominantly elastic and effectively
repulsive, then a state with one molecule per lattice site can
finally be obtained using a quantum phase transition from a
superfluid to a Mott insulator by ramping up the depth of an
optical lattice®. However, many molecular species do not have
such convenient interaction properties, so alternative strategies are
needed. Here, we demonstrate a technique that is independent of
the molecule-molecule interaction properties. The technique relies
on first forming an atomic Mott insulator and then associating
molecules. Several previous experiments'>"’ " associated molecules
in an optical lattice, but none of them demonstrated the production
of a quantum state with exactly one molecule per lattice site.
Another interesting perspective of the state prepared here is that
after Raman transitions to the rovibrational ground state, the lattice
potential can be lowered to obtain a Bose—Einstein condensate
(BEC) of molecules in the rovibrational ground state®"*.

u1tracold gases in optical lattices are of great interest,

692

Figure 1 Schematic diagram of the molecular n =1 state. In the core of the
cloud, each lattice site is occupied by exactly n=1 molecule (shown in green). In
the surrounding shell, each site is occupied by exactly one atom (shown in red). The
atoms can be removed with a blast laser. In the experiment, the number of occupied
lattice sites is much larger than shown here.

The behaviour of bosons in an optical lattice is described
by the Bose~Hubbard hamiltonian®. The relevant parameters are
the amplitude ] for tunnelling between neighbouring lattice sites
and the on-site interaction matrix element U. We create a Mott
insulator® of atomic *’Rb starting from an atomic BEC in an optical
dipole trap by slowly ramping up the depth of the optical lattice
(see the Methods section). The typical lattice depth® seen by an
atom is V, = 24E,, where E, ="k?/ (2m) is the recoil energy, where
m is the mass of one atom, # is the reduced Planck constant and
21/ k =830 nm is the wavelength of the lattice light. At this lattice
depth, the atomic tunnelling amplitude is ] = 27t/ x 4 Hz.

nature physics | VOL 2 | OCTOBER 2006 | www.nature.com/naturephysics

©2006 Nature Publishing Group
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Figure 2 Atomic Mott insulator and molecular n =1 state. a, An atomic Mott
insulator is melted by reducing the lattice depth slowly. The system returns to the
superfluid phase and phase coherence is restored. This phase coherence is probed
by quickly switching off the lattice and observing an atomic interference pattern in
time-of-flight. b, After association of molecules, only lattice sites occupied by n=1
atoms contribute to the signal. ¢, After association and dissociation of molecules,
the satellite peaks are much stronger than in b, thus proving that the molecular part
of the cloud was in a molecular n= 1 state. d, Pure molecular n= 1 state. Same as
¢ but between association and dissociation, the remaining atoms were removed
with blast light. The visibilities in a-d are 0.93(2), 0.80(5), 0.86(1) and 0.61(2),
calculated from squares with areas corresponding to atomic momenta of

0.22Mk x 0.22hk (see the inset in Fig. 3 and ref. 25).

Owing to the external harmonic confinement (see the Methods
section), the atomic Mott insulator is inhomogeneous. It consists
of shells of constant lattice filling with exactly n particles
per lattice site. Neighbouring shells are connected by narrow
superfluid regions. For a deep lattice, /] becomes small. With the
approximation J =0, the ground state of the system including the
harmonic confinement can be calculated analytically. This model
predicts that the fraction of atoms occupying sites with n =2
atoms has a maximum of 53%. This value should be reached, when
operating close to the point where a core with # =3 atoms per site
starts to form. To operate at this point, we load the lattice with
N = 10° atoms. For larger numbers of atoms, an # = 3 core forms,
which is seen in the experiment as loss when associating molecules
(see below).

After preparing the atomic Mott insulator at a magnetic field
of B =1,008.8 G, molecules are associated as described in ref. 9.
To this end, the magnetic field is slowly (at 2Gms™') ramped
across the Feshbach resonance at 1,007.4G (ref. 24) to a final
value of B =1,006.6 G. At lattice sites with a filling of n =1, this
has no effect. At sites with # > 1, atom pairs are associated to
molecules. If the site contained n > 2 atoms, then the molecule
can collide with other atoms or molecules at the same lattice site.
As the molecules are associated in a highly excited rovibrational
state, the collisions are likely to be inelastic. This leads to fast
loss of the molecule and its collision partner from the trap. The
association ramp lasts long enough to essentially empty all sites
with n > 2 atoms. For lattice sites with n =2 atoms, the association
efficiency is above 80%, similar to ref. 15. The resulting molecular
n =1 state is sketched in Fig. 1. The maximum fraction of the
population that can be converted into molecules (measured as the

nature physics | VOL 2 | OCTOBER 2006 | www.nature.com/naturephysics

atom number reappearing after dissociation) is found to be 47(3)%
(that is, 47 +3%), which is close to the theoretical limit of 53%
discussed above.

At a lattice depth of V, = 24E, for atoms, the tunnelling
amplitude for molecules is calculated to be J,, = 2nfi x 0.3 mHz.
This is negligible compared with the hold time between association
and dissociation, so that the positions of the molecules are
frozen. This conclusion is further supported by the experimental
observation of a long lifetime of the molecules (see below).

To show that the molecular part of the sample really is in
the n =1 state, the molecules are first dissociated back into atom
pairs by slowly (at 1.5Gms™') ramping the magnetic field back
across the Feshbach resonance. This brings the system back into
the atomic Mott insulator state with shells with n =1 and n=2.
Then, the atomic Mott insulator is melted by slowly (within 10 ms)
ramping down the lattice from V, = 24E, to V, = 4E,. Finally,
the lattice is quickly switched off and after some time-of-flight an
absorption image is taken.

Such images are shown in Fig. 2. Figure 2a shows the result
if the magnetic-field ramp for association and dissociation of
molecules is omitted. This matter—wave interference pattern shows
that phase coherence is restored when ramping down the lattice,
thus demonstrating that an atomic Mott insulator is realized at
1,008.8 G. Figure 2b shows the pattern obtained if molecules are
associated but not dissociated, so that they remain invisible in the
detection. This signal comes only from sites with n =1 atoms.
Figure 2c shows the result obtained for the full sequence with
association and dissociation of molecules. Obviously, the satellite
peaks regain considerable population compared with Fig. 2b,
which proves that after dissociation, we recover an atomic Mott
insulator. This shows that association and dissociation must have
been coherent and adiabatic. Combined with the freezing of the
positions of the molecules and the fact that the association starts
from an atomic Mott insulator with an # =2 core, this implies that
the molecular part of the cloud must have been in a quantum state
with one molecule per lattice site.

After associating the molecules, the remaining atoms can be
removed from the trap using microwave radiation and a blast
laser as in ref. 15. This produces a pure molecular sample. The
molecule numbers before and after the blast are identical within an
experimental uncertainty of 5%. To show that the pure molecular
sample is in the n =1 state, the molecules are dissociated, the
lattice is ramped down to V, = 1.2E, within 30 ms, ramped back
up (see the Methods section) to V, = 6E, within 5ms, and finally
switched off. The result is shown in Fig. 2d. Again, an interference
pattern is visible. The time-of-flight was 12 ms in Fig. 2a—c and
11 msin Fig.2d.

The height of the satellite peaks can be quantified using the
visibility defined in ref. 25. Figure 3 shows the decay of the visibility
as a function of the hold time between molecule association and
dissociation. These data were obtained from measurements as in
Fig. 2d except that after dissociation the lattice was ramped down
to V, = 2.8E, within 10 ms and ramped back up to V;, =5.5E,
within 4 ms. The observed lifetime of the visibility is sufficient for
many applications. For comparison, the measured lifetime of the
molecule number is 160(20) ms, which is probably due to scattering
of lattice photons®. This molecule loss sets an upper limit on
the lifetime of the visibility, because the sites at which molecules
are lost are randomly distributed across the lattice, thus gradually
destroying the molecular n =1 state. According to the fit, the
visibility settles to an offset value of 15%. This might be partly due
to the fact that the Wannier function® for small lattice depth is
not spherically symmetric and partly due to a small contribution
of non-removed atoms because of imperfections of the blast laser
(15% of the total signal at zero hold time).
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Figure 3 Lifetime of the molecular n =1 state after removing the atoms. The
visibility of the satellite peaks in measurements similar to Fig. 2d decays as a
function of the hold time between molecule association and dissociation. The
visihility was calculated from squares (as shown in the inset) with areas
corresponding to atomic momenta of 1.07k x 1.0Mk. The line shows an
exponential fit that yields a 1/ e-lifetime of 93(22) ms. The error bars are statistical
(one standard deviation).

Figure 4 shows the excitation spectrum of the atomic Mott
insulator at V, = 15E, (J = 2rwh x 21 Hz, J,, = 2rh x 14 mHz) as
measured by amplitude modulation of one lattice beam®. The
spectrum in Fig. 4a shows clear resonances at energies U and 2U.
Below the first resonance, no noticeable excitations are created,
showing that the excitation spectrum has a gap. This again shows
that the system before molecule association is an atomic Mott
insulator. In Fig. 4b, the signal at 2U essentially disappeared,
because the signal at 2U is created by processes that require lattice
sites with 7 > 2 atoms®, which are absent without the modulation.
The spectrum in Fig. 4c is similar to that in Fig. 4a. Resonances
at U and 2U are clearly visible in Fig. 4c. This gives further
experimental support for the above conclusion that the system after
the association—dissociation ramp is still an atomic Mott insulator.

We also measured the excitation spectrum at various lattice
depths for the molecular n =1 state after removing the atoms,
corresponding to Fig.2d. This spectrum does not show any
resonances related to U. We only observe resonances at much
higher frequencies due to band excitation. The absence of
resonances related to U is probably due to the short lifetime
of two molecules at one lattice site (see the Methods section),
which leads to an estimated resonance width of 1" =2mh x 10kHz.
This is too broad and consequently too shallow to be observed.
Furthermore, the real part of the molecule-molecule scattering
length is unknown. Hence, it is also unknown whether the
molecular n =1 state created here has a gap, and if so, at what
energy the first resonance should be expected.

In the experiment I' > ], so that the effective tunnelling
rate between neighbouring lattice sites is 4] /(hI") (ref. 27).
Interestingly, fast on-site decay I" suppresses the mobility in the
many-body system. This might lead to an insulator-like behaviour
without a gap.

In conclusion, we prepared a quantum state with exactly one
molecule at each site of an optical lattice. It is an interesting
question, whether gapless systems can have insulating properties
due to fast on-site losses. The quantum state prepared here is
exactly the state that a molecular Mott insulator has in the
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Figure 4 Excitation spectrum of the atomic Mott insulator. The full-width at
half-maximum of the central interference peak is shown as a function of the
frequency at which the lattice depth is modulated. ac, The results correspond to
the conditions of Fig. 2a—c. First, the usual lattice ramp-down starting at Vy = 24E,
is interrupted at I, = 15E.. Next, the power of one lattice beam is modulated for

11 ms with a peak-to-peak amplitude of 50%. Finally, the lattice ramp-down
continues as usual. Resonances are visible at 1.6 and 3.2 kHz. The lines are a guide
to the eye. The error bars are statistical (one standard deviation).

limit of negligible tunnelling. Unlike the creation of a molecular
Mott state by a quantum phase transition from a molecular
BEC, our method works independently of the molecule—molecule
interaction properties.

METHODS

DIPOLE TRAP SETUP

The experiment begins with the creation of a BEC of Rb atoms in a magnetic
trap?!. Once created, the BEC is transferred into an optical dipole trap that is
created by crossing two light beams at right angles. One beam has a wavelength
of 1,064 nm, a power of 170 mW and a waist (1/e? radius of intensity) of

140 um. The other beam has a wavelength of 1,050 nm, a power of 2.1 W and an
elliptically shaped focus with waists of 60 and 700 um. The crossed-beam
dipole trap creates an approximately harmonic confinement with measured
trap frequencies of 20, 20 and 110 Hz. The strongest confinement supports the
atoms against gravity. After loading the dipole trap, a magnetic field of
approximately 1,000 G is applied. The atoms are transferred®® to the absolute
ground state |F =1, mp = 1) where F and mp are the hyperfine quantum
numbers, which has a Feshbach resonance at 1,007.4 G with a width of 0.2 G
(refs 28,29). The dipole-trap light at 1,050 nm comes from a multifrequency
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fibre laser with a linewidth of ~1 nm. The experiment shows that this causes
fast loss of the molecules, presumably due to photodissociation. Therefore, the
power of the dipole-trap light is slowly reduced to zero just before associating
the molecules and slowly ramped back up to its original value just after
dissociating them. Finally, the dipole trap and the optical lattice are

switched off simultaneously.

LATTICE SETUP

A simple-cubic optical lattice is created by illuminating the BEC with three
retro-reflected light beams with a waist of 140 pum. The finite waists of the
lattice beams give rise to an additional overall confinement. For Vy = 15E;, this
corresponds to an estimated trap frequency of 50 Hz. This harmonic potential
adds to the potential of the dipole trap. Note that the polarizability of a
Feshbach molecule is approximately twice as large as that for one atom. Hence,
the molecules experience a lattice depth of 2.

RAMPING FOR CONDITIONS USED IN FIG. 2D

To understand why a special ramping procedure is needed for Fig. 2d, consider
the atomic Mott insulator obtained after dissociating the molecules. This Mott
insulator has only the # =2 core, whereas the surrounding n =1 shell is
missing. Now consider two atoms at an 1 = 2 site. If one of the atoms tunnelled
to an empty neighbouring lattice site, then this would release an energy U. But
there is no reservoir that could absorb this energy so that the tunnelling is
suppressed'?. Hence, a strong reduction of U is required to melt the pure n =2
Mott insulator. This can be achieved by ramping the lattice down to a point
much below Vi =4E, (or by reducing the scattering length). At this low lattice
depth, the sudden switch-off of the lattice does not produce noticeable satellite
peaks. To observe such peaks, the lattice therefore must be ramped back up
before switching it off.

INELASTIC COLLISIONS

If only lattice sites that are occupied by exactly two molecules are considered,
and if tunnelling is negligible, then the sites will decay independently of each
other. Hence, the total population of these sites will decay exponentially. We
measured the rate coefficient for inelastic molecule—molecule collisions. At
Vo =15 E,, this leads to an estimated lifetime of 16 ps.

Received 16 June 2006; accepted 24 August 2006; published 24 September 2006.
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Vacuum-stimulated Raman transitions are driven between two magnetic substates of a ¥Rb atom
strongly coupled to an optical cavity. A magnetic field lifts the degeneracy of these states, and the atom is
alternately exposed to laser pulses of two different frequencies. This produces a stream of single photons
with alternating circular polarization in a predetermined spatiotemporal mode. MHz repetition rates are
possible as no recycling of the atom between photon generations is required. Photon indistinguishability is

tested by time-resolved two-photon interference.

DOI: 10.1103/PhysRevLett.98.063601

A major issue in quantum information processing (QIP)
is to boost the scale of current experimental implementa-
tions so that many quantum bits (qubits) can be handled.
One way to get there is to establish a network of stationary
quantum systems and to interconnect them by flying qubits
such as single photons. In principle, this can be achieved
with single atoms coupled to single photons in optical
cavities. Most proposals [1-4] require these photons to
be indistinguishable, that is in the same spatiotemporal
mode of known frequency and polarization. Previous
atom-cavity photon sources [5—7] have met these require-
ments except for the polarization control, whereas the latter
has only been achieved with probabilistic single-photon
emitters [8—10]. Here we describe the realization of a
deterministic single-photon source based on an atom-
cavity system which produces photons of known polariza-
tion. A Raman transition between the m; = *1 Zeeman
sublevels of the 5 », F = 1 ground state of a ’Rb atom is
driven by the combination of a pump laser and the cavity
vacuum field stimulating the emission of a single photon
[11]. Such a scheme could also be used to generate a
stream of single-photon time-bin qubits in an entangled
state. By combining partial photon production with inter-
nal rotations of the atom, photon states such as the GHZ
and W states could be constructed [12].

Figures 1(a) and 1(b) show the relevant levels involved
in our scheme, the 55/, F = 1 ground states, labeled by
magnetic sublevel |—1), [0), and | +1), and the 5P, F/ =
1, mp = 0 excited state, |e). A magnetic field along the
cavity axis defines the quantization axis and lifts the de-
generacy of the ground states, producing an energy shift of
the myp = *1 states of +hA . For geometrical reasons the
cavity supports only o™ and o~ photons along its axis.
The cavity resonance frequency w, is chosen to be w,, the
frequency of the |0) < |e) transition, and is fixed during
the experiment. The pump laser is linearly polarized per-
pendicular to the quantization axis, decomposing into o*
and o~ components, and has a frequency .

0031-9007/07/98(6)/063601(4)
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PACS numbers: 42.50.Dv, 03.67.Hk, 42.50.Pq, 42.65.Dr

Consider an atom, coupled to the cavity, in the |+1)
state. If the pump-cavity detuning A ,, = w, — 0. = 244
then the combination of a pump pulse with the cavity
vacuum field resonantly drives a Raman transition and
transfers the atom to the |—1) state, depositing a o™
photon into the cavity. If the cavity field decay rate « is
similar to the Rabi frequency of the Raman transition, then
the photon escapes from the cavity as the population trans-
fer from |+ 1) to | — 1) takes place. Once the atom is in |—1)
and the photon has escaped, no transition to any other state
is resonantly driven, ensuring that only a single photon is
generated. To produce another photon with the next pump
pulse, a pump-cavity detuning A,, = —2Aj is chosen to
fulfil the Raman resonance for the transition from |—1) to
| +1). Then laser and cavity change their roles, resulting in
the production of a single o~ photon. In contrast to pre-
vious experiments [5—7] this back and forth process re-
quires no repumping laser pulse to return the atom to its
initial state after a photon generation.

Figure 1(c) shows a schematic of the experiment. 8’Rb
atoms are dropped from a magneto-optical trap (MOT)
through the TEM, mode of an optical cavity. The flux of
atoms through the cavity mode is ~2/ms. The cavity is
1 mm long, has a finesse of 60000, and the mode has a
waist of 35 um. One mirror has a 25 times larger trans-
mission coefficient than the other. The relevant parameters
for the system are (gmay &, v)/27 = (3.1, 1.25,3.0) MHz,
where g..x is the atom-cavity coupling constant on the
transition relevant for photon generation for an atom maxi-
mally coupled to the mode, « is the field decay rate of the
cavity, and vy the dipole decay rate for the atom (half the
natural linewidth).

A magnetic field of 20 G along the cavity axis produces
a Zeeman splitting of Ag/27 = 14 MHz. To generate a
stream of photons, a sequence of pump laser pulses with
alternating frequency is continuously repeated as the atoms
fall through the cavity. The Rabi frequency of the pump
pulses goes as sin*(7t/t,), Q being the peak Rabi

© 2007 The American Physical Society
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FIG. 1 (color online). Scheme and setup: (a) and (b) Relevant
energy levels in 8"Rb for photon production. (a) The o~ polar-
ized component of the pump laser combines with the cavity to
drive a resonant Raman transition which takes the atom from
[+1) to |—1), producing a o™ photon. Although the o* com-
ponent of the pump laser (shown in gray) is present as well, this
transition (which would produce an additional o~ photon) is far
off-resonant and thus unlikely. (b) A second pump pulse of
different frequency returns the atom to |+ 1), while producing
a o~ photon. Again, the off-resonant return transition is unlikely.
(c) As atoms fall from a MOT through the cavity we shine in the
pump laser from the side to generate photons. The photons are
directed through one of two fibers by a PBS, the long 270 m fiber
acting as a delay line. Photons emerging from the fibers can
interfere at a BS, and are detected by a pair of avalanche
photodiodes (APDs).

frequency and ¢, the length of the pulse. These pulses
propagate perpendicular to both the motion of atoms and
the cavity axis (and thus the magnetic field).

Photons produced within the cavity decay with a proba-
bility of 93% through the mirror of higher transmittance.
The photons have a well-defined polarization so we can use
a wave plate and polarizing beam splitter (PBS) to direct
them into one of two polarization maintaining single-mode
optical fibers, one long (270 m), the other short (3 m). The
output modes of the fibers are recombined at a 50:50 non-
polarizing beam splitter (BS), and photons are then de-
tected at each output port by avalanche photodiodes. This
detection setup allows us to characterize our source. First,
the single-photon nature is investigated when a fraction of
photons is sent through only one fiber, while the other fiber
is closed. In this case, we have a Hanbury Brown and Twiss
setup allowing measurement of the intensity correlation as
well as the detection-time distribution of the emitted pho-

tons. Second, the mutual coherence of pairs of o+ and o~
photons is characterized in a time-resolved two-photon
interference experiment [13,14], where both fibers are
used. The long fiber is used as a delay line for a first photon
and the subsequently generated second photon is sent
through the short fiber so the two photons arrive at the
beam splitter simultaneously, and can interfere.

We first focus on characterizing individual photons.
In the measurements shown in Fig. 2 the long fiber is
closed, and we only detect photons which pass through
the short fiber. Figure 2(a) shows the repeating sequence
of pump pulses used, with parameters (Qo/2,1,) =
(24 MHz, 1.42 us) and detunings A,. = *2Az. The
pulses are labeled w, and w_ indicating that the laser
frequency is such that a o or o~ photon, respectively,
should be emitted. To show that the frequency of the pump
laser pulse determines the direction of the Raman process,
and therefore the polarization of photons, we look at the
detection-time distributions of photons of the two circular
polarizations separately. In Fig. 2(b) the wave plate is
oriented such that only ot photons are detected, in
Fig. 2(c) only o~ . It can be clearly seen that the number
of 0" photons generated during the @, pulse is much
larger (~20 times) than during the w_ pulse. Similarly for
o~ photons, the number of detected photons during the w .
pulse is ~30 times smaller than during the w_ pulse. In
both cases approximately the same number of atoms pass
through the cavity and similar total numbers of o™ and o~
photons are detected.
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FIG. 2 (color online). Photon characteristics observed with
only one path to the beam splitter open. (a) Pump pulse
sequence. The first pulse, labeled w,, has a detuning of
A,./27m =28 MHz, the second (w_) A, /27w = —28 MHz.
(b),(c) Photon detection-time distribution for o*/a~ photons,
showing they are overwhelmingly detected during the w/w_
pulses. (d) Detection-time distributions for photons conditioned
on a detection during the previous pulse. The probability of
detecting a ot photon after a o~ photon, is much larger than the
probability of the opposite case. (¢) Measurement of the intensity
correlation between the two detectors (both polarizations are
detected). The missing peak at 7 = 0 results from the single-
photon nature of the source. Data are binned in 150 ns intervals.
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A measure of the efficiency of our photon-generation
process can be obtained by considering the probability for
a photon emission given that a photon was detected during
the previous pump pulse. This condition ensures that an
atom is coupled to the cavity and that it is in the correct
internal state to emit a photon in the subsequent pulse. For
this measurement photons of both polarizations need to be
detected, so the wave plate after the cavity is oriented such
that the PBS acts as a 50:50 beam splitter for each
polarization.

Shown in Fig. 2(d) are the detection-time distributions of
photons detected during the @, pump pulse, given that a
photon was detected during the previous w_ pulse (r <
1.42 us), and the arrival time distributions of photons
detected during the w_ pulse, given that a photon was
detected during the previous w, pulse (#>1.42 us).
Immediately obvious is the large difference in the number
of these conditioned o™ and ¢~ photons. Taking into
account the dark count rate and the overall photon detec-
tion efficiency, we obtain two conditional probabilities for
generating a photon inside the cavity: p(c*|o™) = 41%
for generating a ¢* photon after a ¢~ photon, and
p(o~|o™) = 13% for generating a o~ photon after a o
photon.

In addition to the large difference between these condi-
tional probabilities for the two polarizations, it can be seen
in Figs. 2(b)—2(d) that the envelopes of the single-photon
wave packets depend on the polarization. The peak of the
o envelope occurs earlier in the pump laser pulse than the
peak of the o~ envelope. These differences between the
two polarizations occur even though the scheme shown in
Figs. 1(a) and 1(b) looks symmetric; however, only the
directly relevant levels are shown there. Additional levels
present in the atom (principally the F’ = 0 excited state)
break this symmetry. To understand the origin of the large
difference in the conditional efficiencies, we performed a
simulation following the recipe of [11]. Although the
simulation assumes a fixed atom rather than averaging
over all possible atomic trajectories, it should be a good
approximation of the experiment. The simulation gives
plotlo™)/p(c~ o) ~ 0.7 for reasonably large cou-
plings compared with g... and )y, in contrast to the
experimental result p(o*|o~)/p(o~|o*) ~ 3. The simu-
lation can therefore not explain the observed difference.

To prove that only single photons are generated, an
intensity correlation measurement is performed. As in the
measurement of conditional probabilities, we send photons
of both polarizations through the short fiber. After the fiber
the 50:50 beam splitter randomly sends each photon to one
of two avalanche photodiodes. Figure 2(e) shows the num-
ber of coincidences in the two detectors recorded as a
function of the time delay 7 between the detections. The
comblike structure reflects the periodicity of the driving
pulses, where the width of the comb is a consequence of the
limited interaction time a falling atom has with the cavity
mode. The feature we are most interested in is that the peak
at time 7 = 0 is missing, meaning that we have a single-

photon source. The probability of obtaining multiple pho-
tons is 2.5% that of single photons. Note that the peaks at
7= %142 us are at least 2.5 times higher than all the
others since a pair of subsequent photons is more likely to
be obtained than three or more photons in a row.

Many QIP applications of a single-photon source require
indistinguishable photons [1-4,15]. Here, the envelopes of
the ot and o~ photons are seen to be similar in Figs. 2(b)
and 2(c) but this tells us nothing about the spectral prop-
erties. We test for indistinguishability by performing a
time-resolved  two-photon interference  experiment
[13,14,16]. Two photons that simultaneously enter differ-
ent entrance ports of a 50:50 beam splitter will always
leave through the same output port if they are indistin-
guishable. The degree of indistinguishability is measured
by comparing the number of coincidences obtained when
the pair of photons have parallel polarization with the case
when they are perpendicularly polarized and thus com-
pletely distinguishable.

We superpose pairs of subsequently generated photons
at a beam splitter. Both fibers are open, and since the
photons have a well-defined polarization, they can be
directed into either the long or the short fiber. A wave plate
at the exit of the long fiber is used to set the relative
polarization of the two photons. To maximize the number
of events where two photons reach the beam splitter at the
same time, o~ photons are delayed while o™ photons,
which have the higher conditional emission probability, are
sent directly to the beam splitter. The time between the
pump pulses is set such that there is maximum overlap of
the pulse areas of the two interfering photons; this is what
we denote a simultaneous arrival. As in previous experi-
ments [14] we count the number of coincidences as a
function of the detection-time difference, 7.

A typical result is shown in the inset of Fig. 3. The
curves give the number of coincidences versus 7 where
the two photons have either parallel or perpendicular po-
larization at the beam splitter. The dip in the number of
coincidences for parallel polarizations around 7 = 0 shows
that the spatial mode matching of the two interfering
photons is good, with the magnitude of the dip consistent
with the measured single-photon interferometer visibility
of 98%. This means that most of the coincidences for
parallel polarization reflect the distinguishability of the
photons.

We calculate the integrated two-photon interference
visibility V =1 = (Cpa/Cperp) Where Cpy(Cperp) is the
total number of coincidences for | 7| < ¢ » when the photons
hit the beam splitter with parallel (perpendicular) polariza-
tion. It is the same information one would get in a standard
Hong-Ou-Mandel (HOM) measurement [17] without
detection-time resolution at the bottom of the “HOM
dip”. This visibility was measured for photons generated
with a range of different peak Rabi frequencies (), and
pulse lengths ¢, the results of which are shown in Fig. 3.
The visibility increases with reduced (), and shorter pulse
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FIG. 3 (color online). Two-photon interference. Inset: coinci-
dences as a function of the time difference between detections
for photons with parallel and perpendicular polarizations. For
perfect spatial mode matching, the dip around 7 = 0 for paral-
lel polarizations would reach zero coincidences. The observed
dip is consistent with an interferometer visibility of 98%.
(Qy/2m,1,) = (12 MHz, 0.72 us). An integrated visibility V =
77% is observed. Main figure: visibility and photon-generation
efficiency as a function of pump laser peak Rabi frequency ()
and various pulse durations #,. The open symbols refer to the
integrated visibility V of the two-photon interference, with
different shapes for different pulse durations. V increases with
lower () and shorter . The filled symbols show the conditional
probabilities p(c*|o™) and p(o~|ot) for generating photons
with a pulse duration ¢, = 1.42 us.

durations Iy, with a maximum measured visibility of 77%
for /2 = 12 MHz and t, = 0.71 us. The visibility is
influenced by both the indistinguishability of the two pho-
tons and the spatial mode matching at the beam splitter.
The combination of the interferometer visibility and
slightly nonidentical photon envelopes give a maximum
possible visibility V = 94%, which would be obtained for
interfering single-photon wave packets with identical tem-
poral evolution, higher than the maximum we obtained.
There are several processes that might affect the photon
generation in a way that would make the photons more
distinguishable. As discussed before, the atom is more
complex than a three-level system, with additional levels
in both the excited and ground states. Off-resonant tran-
sitions to these levels lead to frequency broadening with
increasing Rabi frequency. In contrast to that, shorter
photons show a better visibility as they have less time to
dephase [16]. As expected and shown in Fig. 3, the condi-
tional probabilities of generating a photon also change with

) and t,,. Unfortunately, conditions which lead to higher
visibilities result in lower probabilities of generating pho-
ton pairs. This reduces the rate at which the source could be
used in QIP applications. Of course, it is always possible to
increase the visibility by postselecting only those pairs of
coincidences that occur within the dip around 7 = 0.

In conclusion, we now have a way to generate single
photons of known polarization in a well-defined spatial
mode from a coupled atom-cavity system. The next step
will be to use an atom trapped within a cavity [18] to
produce long streams of photons, with the same coupling
to the cavity for each pulse.
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