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Quantum-Atom Optics forms the foundation of

future technologies. In a similar way that optics and
electronics shaped the technologies we have today,
we are convinced that quantum concepts will influence
and improve communication, sensing, navigation

and computing devices within a few decades. The
evolution of this field involved basic theory and
Gedanken experiments of the 1930s, first experimental
demonstrations in the 1990s and refined systems and
theory models in the present, leading to actual devices
in 2020-2030.

This process of innovation will accelerate and ultimately
create major new industries. This trend is being followed
and supported in all leading industrial countries in the
world, in particular USA, Europe, Japan and most
recently China. In Australia the ARC Research Council
Centre of Excellence for Quantum-Atom Optics
(ACQAOQ) was selected as one of the few COEs funded
in 2003. We started with a set of ambitious goals, both
in theory and experiments, and succeeded in achieving
each one of them. At the same time we have trained a
group of outstanding young scientists who will take our
science to the next level and across the world.

ACQAQ has been one of the first to link the diverse
techniques of optics, photons, ultracold atoms and
coherent matter waves. Our strength is that we
understand and can demonstrate the special quantum
properties of large objects, involving thousands or

even millions of atoms or photons, and observe the
transition from the microscopic world of few particles to
the macroscopic classical world. We start with systems
dominated by quantum physics and investigate,

step by step, the way quantum rules extend to

practical systems.

ACQAQO combines the skills and experience of many

of the most productive Australian researchers in this
field. We bring together experienced leaders in the field
with successful younger researchers and with a highly
talented and motivated group of graduate students.

The Centre enjoys the support of the Australian National
University (ANU) in Canberra, University of Queensland
(UQ) in Brisbane and Swinburne Univerity of Technology
(SUT) in Melbourne.

Reaching far beyond individual projects, ACQAQO has
built links across Australia and created a network with
our international partners, in particular with key research
Centres in Europe. We now have a whole range of
scientific exchanges with staff and students working

at different locations, linking ideas and expertise.

Our model of long distance collaborations has been
adopted in the formation of similar Excellence Clusters,
for example in Germany and France. We have clearly
demonstrated the effectiveness of the concept of

ARC Centres of Excellence.

ACQAQ links the theory of quantum statistics of
Bosons and Fermions and nonlinear interaction with
the operation of non-classical light sources and with
Bose-Einstein Condensates (BECs) and atom lasers.
Now in our eighth year of operation we reap the
benefits from our long-term investment in people and
laboratories. After achieving our initial goals and making
them available to our peers, we are now fully involved
in the second generation of projects which are aligned
to, and in some cases even influence, the international
agenda in quantum physics.

The highlights for 2009 reported here are numerous
and include the optimization of atom lasers in both Rb
and He*, quantum noise limited atom interferometry,
unique studies of strongly interacting Fermi gases,
demonstration of a quantum memory using photon
echos in atoms, optical multimode entanglement of
copropagating beams, universal laws for the statistical
properties of Bosons and Fermions, the dynamics of
ultra cold Bose gases and theory of vortex formation in
BECs and the precision measurement of very long lived
atomic states.

| hope this report stimulates your interest in our quest to
create the foundations for future quantum technologies.

s o Al

Professor Hans-A. Bachor
Director
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modern lives throuaw the development of new
technology. In recent years many devices are
approaching a limit of performance given by the
quantum uncertainty of light, introduced by the
statistics of a stream of photons. Our fundamental
research has developed methods that allow us to get
around these quantum limits. By using squeezed light
we can avoid the normal quantum noise limit and

can improve the noise limitations of communication
links and sensors. This can improve the signal to
noise level of sensors and the channel capacity

of communication lines, resulting in more efficient
communication systems.

Already there are new applications being developed
that exploit the concept of quantum encryption,
which rely entirely on quantum ideas — in particular
the concept of entanglement. This concept allows
the sharing of information in separate systems well
within'the quantum uncertainty limits [p 32]. We have
applied this concept not only to light [p 33] but also
to atoms. One example is to reduce the uncertainty
in the measurement of the phase of the atomic wave
function to the quantum limit [p 23] and in the future,
below this quantum limit [p 35].

The last few years have seen a rapid development

of new tools in atom optics. We normally consider
atoms as particles interacting via collisions in a gas
or being close to each other in a liquid or solid.
Today, atoms can be manipulated, cooled and
stopped and they can be detected individually,
one at a time with increasing efficiency. However,
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atoms also have wavelike properties, they can be
described by quantum mechanical wave functions
and the interference between their probability
amplitudes. The quantum wave nature of atoms is
used both to create new atomic systems and for
practical applications.

Australia has established a strong international
research profile in this field, both through pioneering
theory work as well as state of the art experiments.
In ACQAO we have built atom lasers that produce
coherent matter waves. Soon we will be able to
study the quantum statistical properties of atoms in
a way similar to optics. This opens the way for new
examples of quantum technology, such as improved
sensors based on atom interferometry, allowing for
more detailed surveys of the Earth.

Both quantum and atom optics are based on the
concept of Bosonic particles, photons and certain
species of atoms — and the statistical properties of
ensembles of Bosons determine and dominate the
properties of devices such as lasers and atom lasers.
The alternative concept is that-of Fermions, which
have very different statistical properties that apply

to other atomic species. We have contributed to the
rapid progress in both the experiments and theory

of quantum degenerate Fermionic atomic systems.

It is now possible to build molecular Bose-Einstein  /
condensates (BEC) and to investigate the propertieé
of dense Fermionic systems in the laboratory.

Entanglement

Entanglement is one of the key concepts of quantum
physics. It describes the properties of two systems,
which originate fromone-source, and are in the ideal
case indistinguishable. For example, these could be
two laser beams created in one source, propagating
into different directions and which contain identical
information, modulation and noise. Or they could be
two, or more, beams of light, sets of particles, BECs,
and atom laser beams that have identical properties.

Researchers in ACQAO have expanded the
fundamental understanding of entanglement and
its applications to practical systems [p 54, p 56].
The ACQAO ANU team has built optical sources
that produce strong noise suppression, and
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entanglement. We have extended this work to very
elegantly produce and detect entanglement between
co-propagating laser modes [p 55].

Entanglement between individual atoms has been
studied in detail. We are now looking to answer

the question of how can we describe and generate
entanglement between many particles. One of our
teams at ANU has started investigating the properties
of EPR entangled matter beams [p 54].

Creating and using Bose Einstein condensates

Groups of atoms can be manipulated, cooled,
stopped and trapped until they reach such a low
temperature that the atomic deBroglie waves
overlap and quantum effects dominate. Theory has
shown some years ago that the centre-of-mass
wave function of atoms can be made to interfere.
Bosonic atoms will make a rapid transition into a
new state of matter once they cool below a critical
temperature. The emergent BEC has properties
vastly different from a thermal cloud of cold atoms.
We have developed techniques to study the
details of this transition both in experiments and
through simulations.

The SUT team has made clear observations of

the spatial evolution of the condensate wave
function within a two-component BEC [p 22].

At the same time, theory teams can model the
dynamics and statistics of the BEC in great detalil.
In collaboration with external groups, the UQ team
provided conclusive evidence for the formation of
topological defects [p 30] and superfluidity in BECs
[p 29]. Working with the University of Otago, they
extended the usefulness of “classical field” methods
for describing quantum and thermal dynamics and
statistical mechanics of Bose gases [p 37].

Australia now has eight operational BEC experiments,
five in Rubidium 87, and one each with Rubidium 85,
metastable Helium 4, and Lithium 6. All are optimised
for different studies and applications. Seven of these
are part of ACQAQO and are used to further refine
existing technology, to make the apparatus simpler
and more reliable for applications.
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Atom lasers and interferometers

One more step leads from the BEC to the atom

laser, a device that produces a coherent beam of
atoms. The combination of atom lasers, optical beam
splitters, and coherent wave-guides will become

an important atom optic component, which can be
found in devices used for applications such as atom
holography and atom interferometry.

After our demonstration of the pumped atom

laser in 2008, the ANU team compared different
output couplers to increase the atom flux [p 36].
Simultaneously, a second ANU team showed the
operation of an atom laser with metastable Helium 4.
They were able to demonstrate single mode guiding
of an atom laser beam, the equivalent of single mode
optical fibre guiding for light, using an optical dipole
potential as a waveguide. In this experiment, direct
imaging of the transverse mode of guided matter
waves was possible for the first time.

ACQAO now has two ultracold metastable Helium
facilities, one of which was used to perform
fundamental tests on atomic structure, to investigate
the theory of Quantum Electrodynamics (QED). We
carried out measurements of the complete ground
state transition rates for the 23P Helium manifold

[p 43]. —

Recent years have seen a very rapid development of
thetheory concepts and complex experiments with

fefmions. In 2008 and 2009, a major highlight was in
/t/he theory of strongly interacting, ultra-cold fermions.

/ This included a major breakthrough in exactly solving
| the one-dimensional polarized Fermi gas problem

%

[P 26].

Fermionic atoms can combine into molecules,
and can dissociate forming pairs of Fermions. In
well-controlled situations this can lead to quantum
correlations of individual atoms as well as creating

| many particle effects. Using our source of molecular

\ BEC with Lithium 6 atom pairs, the SUT team has

\\carried out a detailed investigation of the properties
é(two dimensional Lithium 6 Fermi gas using Bragg
scattering [p 25].
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Bridging quantum optics and atom optics

ACQAQO combines, in a unique way, quantum

optics and atom optics, through theory and
experiments. We have developed a clear vision and
detailed plans for a novel apparatus that converts
quantum correlations from optical laser beams to
quantum correlations in atom laser beams. We are
also investigating ways of transferring quantum
correlations from light to atoms and vice versa as
an initial step in designing atomic storage for optical
quantum information. Our novel proposal of using the
concept of photon echoes for storing and retrieving
quantum information has been very successful in
delaying and storing and reordering information with
high efficiency [p 18].

The ANU team has been able to test the feasibility
of quantum information storage by transmitting
squeezed light without additional noise through
atomic samples that show electro-magnetically
induced transparency (EIT). At the same time the
SUT team propose alternative forms of quantum
memories that are worth exploring [p 19].

Leading the way to the future

All the experimental goals are underpinned and
frequently initiated by a very strong theory core in
ACQAO, which combines the expertise of world
renown researchers. The different techniques and
expertise from quantum optics, field theory and
non-linear optics are combined within one powerful
group of scientists who guide and support the
experimental work. In some cases the theory is well
ahead of the experiments.

Outstanding examples can be seen in our work on
macroscopic self-trapping of ultracold Bose-Fermi
mixtures [p 28] and spontaneous four Wave mixing
of the matter waves, which was observed by our
collaborators in France [p 31].

ACQAOQ aims to provide the scientific tools required
to develop quantum and atom optics into a whole
new field of quantum technology. Some examples,
such as the operation of quantum communication
and Cryptography are already making rapid progress
and are performed at the ANU outside the Centre,
and in other laboratories in Australia and around

the world. As a Centre of Excellence our goal is to
create new ideas, experimental demonstrations and
simulations. Our work over the next eight years will
pave the way for applied work in quantum technology
within 10-15 years.
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Project — Atom laser

Dr Nick Robins

Dr Nick Robins completed his PhD at the ANU
and has been part of ACQAQO since inception. He
was awarded an ARC APD in 2004, and became
an ARC QEll fellow in 2010. Dr Nick Robins

leads the atom laser program together with

Prof. John Close. They also jointly coordinate the
honours program and currently supervise 5 PhD
and 2 honours students.

Using atoms instead of light is one of the pathways
to higher sensitivity in many interferometric
measurements. Within the atom laser program, we
study and improve coherent atom beams with a view
of applying them to precision measurements. Our
atom laser is extracted from an 8’Rb Bose-Einstein
Condensate (BEC), an ultracold sample of about
one million atoms.

Since 2003, we have studied the properties and
limitations of atom lasers produced with different
output couplers and different internal states, looking
at noise and flux limitations, linewidth, and at spatial
properties [1-5]. In this context, we produced the first
quasi-continuous Raman atom laser. This is a major
advance, since they have inherently less classical
noise, a higher maximum flux, and a beam profile
that is closer to the quantum limit than the more
commonly used rf-outcoupled atom laser.

We have produced the world’s first pumped atom
laser [6], which is one of the milestones towards
a truly continuous atom laser. Recently, we have
demonstrated a shot noise limited atom laser
interferometer [7]. In addition, we have started to
explore the possibility of changing the strength of
atomic interactions by manipulating the scattering
length through a Feshbach resonance [page 45].

[1] N.P. Robins, et al., Phys. Rev. A 72, 031606
(2005).

[2] N.P. Robins, et al., Phys. Rev. Lett. 96, 140403
(20086).

[3] J. Dugue, et al., Phys. Rev. A 75, 053602 (2007).

[4] M. Jeppesen, et al., Phys. Rev. A 77, 063618
(2008).

[5] J.E. Debs, et al., Optics Express 17, 2319-2325
(2009).

[6] N.P. Robins, et al. Nature Physics 4, 731 (2008).
[7] D. Déring, et al., Optics Express 17, 20661 (2009).
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Project — Strongly interacting Fermi superfluids

Dr Chris Vale

Dr Chris Vale joined the cold molecules group

at SUT at the beginning of 2007, shortly before
the group produced their first molecular BECs.
Since 2008, Chris has been project leader

of the molecular BEC program in ACQAQ.

He played a key role in establishing the technique
of Bragg spectroscopy in the laboratory and
demonstrating its broad applications.

Researchers in the molecular Bose-Einstein
condensate laboratory of ACQAO at SUT have
recently made an important breakthrough in
understanding the behaviour of strongly interacting
Fermi superfluids. Using Bragg spectroscopy and a
new analysis technique based on the f-sum rule, they
have demonstrated a previously unknown universal
property of strongly interacting fermionic superfluids.
Pairing, the precursor to all fermionic superfluids,

is shown to follow a simple universal power law
dependence on the momentum. This result applies
not only to fermionic gases in the crossover from
Bose-Einstein condensate (BEC) to Bardeen-Cooper-
Schrieffer (BCS), but to all fermioinic systems in
which the characteristic length scale of interparticle
interactions is larger than the mean particle
separation.

In 2003, the SUT team embarked on an ambitious
program to produce a BEC of molecules. Previous
experiments around the world had only ever
condensed atoms; while molecules are far trickier
due to their complex internal structure containing
many rotational and vibrational levels. However,

in 2003 it was shown that bosonic molecules
comprised of two fermionic atoms, could be created
through association near a Feshbach resonance.

These molecules were surprisingly long lived and the
first molecular condensates were created in the same
year in Austria and the USA. It was soon realised that
Fermi gases near Feshbach resonances provide a
model realisation of the BEC-BCS crossover, a topic
which has received much attention in condensed
matter physics due to its possible connections with
high temperature superconductivity.

The SUT team decided to pursue molecular BEC
with 8Li atoms and developed all the experimental
apparatus necessary to cool Li atoms in an optical
trap. In addition to the regular lasers and ultrahigh
vacuum systems, the need to generate the required
stable and large (kiloGauss) magnetic fields places
stringent requirements on the setup. In 2007, the
group produced its first molecular BECs [1].

In 2008, the group performed experiments using
Bragg spectroscopy to study pairing through the
BEC-BCS crossover [2]. These results have been
widely cited, as it had not previously been realised
that Bragg experiments with strongly interacting
Fermi gases could yield such quantitative results.
The theory team, since 2008 at SUT, derived a new
universal short-range property of fermionic pairs.
They proposed a way to experimentally verify this
prediction using Bragg spectroscopy that lead to
demonstrating the universal behaviour of pairing
late in 2009, which has now been submitted for
publication in Nature Physics [3].

[1] J. Fuchs et al., J. Phys. B 40, 4109 (2007).

[2] G. Veeravalli et al., Phys. Rev. Lett 101, 250403
(2008).

[3] H. Hu et al., submitted, Nature Phys. (2010),
arXiv:1001.3200 (cond-mat.quant.gas).
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Project — Theory of ultracold atomic Fermi gases

Dr Hui Hu

Dr Hu joined ACQAQ as a visiting researcher
in 2005. With Prof. Peter D. Drummond and
Dr Xia-Ji Liu, he has contributed many original
ideas to develop novel theories for strongly
interacting quantum gases. In 2009, he was
awarded an ARC QEll Fellow.

The Fermi theory project has been able to
understand, predict and unravel the quantum
states of matter in ultracold atomic Fermi gases,
subject to the critical tests of current experiments at
temperatures down to a nano Kelvin (102 K) above
absolute zero. This achievement is based on new
theoretical methods we developed to describe the
strongly interacting many-body systems.

Manipulation of atomic Fermi gases is a core project
of ACQAQ. Our main motivation was to provide
parallel theoretical support, by developing novel
analytical and computational tools. This is a challenge
due to the strongly correlated nature of underlying
systems. In close interaction with the teams at Duke
(John Thomas) and Rice University (Randy Hulet),
we developed several powerful tools, including a
strong-coupling diagrammatic theory to unravel the
universal thermodynamics [1] and the use of exactly
solvable models to predict an exotic superfluid phase
[2]. At this stage, in collaboration with theoretical
teams at Toronto (Allan Griffin) and BEC Center
Trento (Sandro Stringari and Lev Pitaevskii) and the
experimental team at SUT (Chris Vale), we address
issues that are crucial to understand and engineer
the superfluidity in the strongly interacting regime.

In 2008, we focused on the development of a
controllable quantum cluster expansion theory and
demonstrated its wide applicability in a trapped,
strongly interacting quantum gas [3]. Our theoretical
prediction of expansion coefficients was confirmed
by Salomon’s group at ENS Paris. In 2009, we
extended the technique to dynamic properties and
solved completely the high-temperature problem in
the strongly interacting limit. We also predicted new
Fermi universality law on the structure factor, which
was confirmed recently at SUT.

Our ultimate aim is to bring fundamental knowledge
to quantum many-body systems, based on the
platform of clean and experimentally controllable
ultracold atomic Fermi gases.

[1] H. Hu, et al., Nature Phys. 3, 469 (2007).
[2] H. Hu, et al., Phys. Rev. Lett. 98, 070403 (2007).

[3] X.-d. Liu, et al., Phys. Rev. Lett. 102, 160401
(2009).
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Project — Quantum Imaging

Dr Jiri Janousek

Dr Jiri Janousek has been involved in the
quantum imaging project since 20086, first as a
visiting PhD student and now as postdoctoral
research fellow. His role is to drive forward the
development of novel squeezing, entanglement
and detection techniques in the spatial domain.
He is particularly interested in the challenge to
build a device that generates squeezing in many
spatial modes simultaneously.

The quantum imaging project has been able to
demonstrate the principle of new communication
technology by extending the concept of
entanglement to spatial modes co-propagating
within one beam of light. This is the culmination of a
series of experiments that developed the techniques
for generating light in spatial modes, extended our
understanding of quantifying entanglement and
allowed us to systematically optimise our apparatus.

At the start of ACQAQO the main motivation was to
understand the quantum nature of images and, at the
same time, to develop the instruments to carry out
spatial measurements with a precision better than the
quantum noise limit [1]. In close collaboration with the
team at LKB Paris (Nicolas Treps, Claude Fabre and
two Cotutelle students), we developed the concept
of multimode quantum optics and realised that, using
our spatial modes, we had the ideal tools at ANU to
address questions that are important to quantum
communication. At the same time the LKB team
started with a parallel realisation, using laser pulses
and temporal modes.

In 2008, we focused on spatial entanglement and
experimentally demonstrated both inseparability
and EPR for the position and momentum of two
laser beams [2]. In 2009, we showed that we could
produce entanglement with two co-propagating
spatial modes using an elegant and simple apparatus
[3]. Now we are able to generate and control

the process of entanglement using spatial light
modulators, and can show that the mode of the
squeezed light can be transformed efficiently and
with sufficiently low loss.

The aim is to build a simple, elegant apparatus
that can generate, propagate, control and detect a
beam with multiple modes, which carry quantum
information in the form of cluster states or other
higher order forms of entanglement.

[1] Nicolas Treps, et al., Science 301, 940 (2003)
[2] K. Wagner, et al., Science 321, 541 (2008)

[3] J. Janousek, et al., Nature Photonics 3, No 7, 399
(2009).
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Project — Atom-Light Entanglement

Dr Ben Buchler

Dr Ben Buchler completed his PhD at the ANU

in 2002 and was involved in developing the ALE
program with ACQAQO from the very start. After
some time working as a post-doctoral fellow

at ETH Zurich, he returned to lead the ALE
program in 2006. He is involved in teaching at the
undergraduate level and supervises a number of
PhD candidates.

The atom-light entanglement program has developed
a new form of coherent optical memory. The gradient
echo memory (GEM) is a photon echo technique

first proposed by ACQAO student Gabriel Hétet and
demonstrated in an ensemble of two-level atoms

in collaboration with the group of Matthew Sellars

[1]. Most recently we have shown how this system
can be used to realise a random access coherent
optical memory [2].

The overall aim of the atom-light entanglement
program is to deliver convergence between quantum
and atom optics, fulfilling a key goal within ACQAO.
The main area of investigation has been looking

for methods to map quantum states of light, in
particular squeezed states, onto atomic ensembles
and back to photonic states. This kind of controllable
atomic memory for quantum states of light has
important applications within many quantum
information systems.

The project started by developing squeezed sources
of light at frequencies compatible with rubidium.

Our PPKTP squeezed source [3] held, at one

point, the record for squeezed light generation at
795nm with over 5dB of measured quantum noise
suppression. Attention then turned to measurements
of quantum state transfer through a window of
electromagnetically induced transparency (EIT)

in rubidium vapour. Under some conditions, EIT

was shown to perform poorly [4], although with
some patience, substantial delay of squeezing

was achieved along with the first demonstration of
transmission of biased entanglement through EIT [5].

In 2008 and 2009, full attention was turned to the
GEM system. After the initial demonstration in two-
level atoms [1], we showed how the memory can

be extended to three-level atomic systems [6] and
also showed that the memory can be described as a
normal mode system in Fourier space [7]. It was this
picture that provided the insight required to design
the random access system [2].

[1] G Hetet, et al., Phys. Rev. Lett. (2008) vol. 100 (2)
023601

[2] M. Hosseini, et al., Nature vol. 461(7261) pp.
241-245 (2009)

[3] G. Hétet, et al., Journal of Physics B, 40(1), 221,
(2007).

[4] M.T.L. Hsu, et al., Physical Review Letters, 97,
183601, (2006).

[5] G Hétet, et al., Opt Express vol. 16 (10) pp. 7369
(2008)

[6] G Hétet, et al., Optics Letters vol. 33 (20) pp.
2323 (2008)

[7] G Hétet, et al., Phys. Rev. Lett. vol.101, 203601
(2008)

The Australian Research Council Centre of Excellence for Quantum-Atom Optics ~ Annual Report for the year 2009



Project — Atom-atom correlations and thermodynamics of
one-dimensional Bose gases

.. ‘1

il
Dr Karen Kheruntsyan

Karen Kheruntsyan is a Cl and a founding
member of ACQAQ. He was awarded an ARC
CoE Fellowship in 2005 for his contributions. He
served in the role of the Deputy Director of the
UQ Node in 2004-2006. ACQAO has enabled
UQ to build an exceptional group of mid-career
researchers in the theory of ultra-cold atomic
gases, which has now established itself as a
significant player internationally.

Karen Kheruntsyan is a project coordinator in
ACQAO and leads the theoretical programs on
1D Bose gases and molecular Bose-Einstein
condensates. He has initiated a number of
international collaborations, including with some
of the most renowned research teams in France,
USA, Netherlans and UK.

The one-dimensional (1D) Bose gas with repulsive
contact interactions is one of the simplest paradigms
we have of a strongly correlated quantum system.
This is because the underlying theoretical model is
among the handful of very unique, exactly integrable
models in quantum many-body theory. Hence, the
understanding of this system carries significant
general interest in quantum many-body physics.
Lieb and Liniger first solved the model in 1963, with
a subsequent important contribution coming from
the Nobel Laureate C.N. Yang and his brother C.P.
Yang who in 1969 solved for the finite-temperature
thermodynamics of the system. For more than 40
years these exact solutions remained a tour-de-force
of mathematical physics, until the model was realised
in 2001 in ultra-cold atomic gases trapped in highly
anisotropic, cigar shaped traps.

The experiments on 1D Bose gases posed important
questions, such as what are the different physical
regimes of the system and how does one probe
these regimes? In 2003, Dr Karen Kheruntsyan of
UQ, together with Prof. P.D. Drummond of SUT and
their international colleagues Prof. G. Shlyapnikov of
the Université de Paris XI and Dr D. Gangardt of the
University of Birmingham, published an inspirational
paper on atom-atom pair correlations in a 1D Bose
gas [1]. By calculating the atom-atom correlations

at arbitrary interaction strengths and temperatures,
the team was able for the first time to map out the
complete phase diagram of the system and propose
simple correlation measurements that could test the
theoretical predictions experimentally.

In 2004, just 9 months after the publication of

the original paper, the theoretical predictions of
Kheruntsyan and the team have been tested and
confirmed experimentally in the Nobel Prize winning
research laboratory of Professor Phillips at the US
National Institute of Standards and Technology [2].

Furthermore, in 2008 Kheruntsyan teamed up with
the experimental group of N.J. van Druten of the
University of Amsterdam and published a well cited
paper on the thermodynamic properties of a 1D Bose
gas created on an atom chip [3]. The team has
succeeded in comparing the temperature and the
atom number density of a 1D quantum gas to the
Yang-Yang thermodynamics theory. This publication
was selected by the PRL editors as an “Editors’
Suggestion” to promote reading across fields.

[1] KV. Kheruntsyan, et al., Phys. Rev. Lett. 91,
040403 (2003).

[2] B.L. Tolra, et al., Phys. Rev. Lett. 92, 190401
(2004).

[3] A.H. van Amerongen, et al., Phys. Rev. Lett. 100,
090402 (2008).
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Project — BEC on Atom Chip

Associate Professor Andrei Sidorov

Associate Professor Andrei Sidorov is a Cl and

a founding member of ACQAQ. He is leading the
Atom Chip project and the Atom Optics program
at SUT.

At the start of ACQAO we aimed at studying
decoherence effects and exploring the feasibility of
on-chip BEC-based sensors. In 2005, we produced
our first BEC in a magnetic film microtrap on an atom
chip and carefully characterized random magnetic
fields and the cloud fragmentation. Our first on-chip
sensor of magnetic field gradients [1] demonstrated
that adiabatic splitting of a BEC and the precision
measurement of atom number in two modes can be
used for precision sensing of asymmetric potentials
including gravity. We also demonstrated the trapping
of cold atoms in multiple sites of a 10 mm period
magnetic lattice.

In 2008, we observed a spectacular evolution of
the relative phase in a two-component BEC where
the conventional time dependence of the phase is
accompanied by spatial dephasing of the condensate
and a relatively fast decay of the interference

fringes [2] and [page 22]. These observations are
crucially important for precision measurements of a
condensate phase and future applications of BEC
interferometers and on-chip atomic clocks. In 2009,
we observed self-rephasing of the condensate,
spin-echo enhancement of the interference contrast
and extended coherence times.

In the next few years we will focus on absolute and
relative atom number fluctuations in two modes of a
binary BEC interferometer and the generation of spin-
squeezed multi-particle quantum states. The ultimate
goal will be to improve the precision of interferometric
measurements beyond the standard quantum limit.
This task is closely associated with the production of
entangled multi-particle quantum states.

From a personal perspective it has been fascinating
to realise the setting up of challenging tasks, the
emergence of unexpected solutions, an influx

of talented young researchers attracted by the
opportunity to do cutting-edge research, and

the incredible growth of quantum-atom optics in
Australia. Our notable highlights include the first
BEC, the on-chip sensor of magnetic fields, and
the development of a theoretical model of random
magnetic fields, which explicitly explains the
observed results.

[1] B.V. Hall, et al.,, Phys. Rev. Lett. 98, 030402 (2007)

[2] R.P. Anderson, et al., Phys. Rev. A 80, 023603
(2009)
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Project — Experiments with Ultracold and Degenerate Metastable

Helium Atoms

i -

Dr Andrew Truscott

Dr Andrew Truscott is a founding member of
ACQAO and has headed the He* BEC group
from its inception. Arriving from Rice University

in late 2001, where he worked as a postdoc in
Prof. Randy Hulets group, he is now a Fellow at
the Research School of Physics and Engineering.

The He* BEC project was started as a result of the
formation of ACQAQ. It is one of the few experimental
projects that had to start from a bare laboratory;
indeed the actual laboratory refurbishment itself

was a joint ACQAO-ANU initiative. From those early
beginnings in 2003, the project has evolved to a
program involving five staff, four PhD students and
numerous honours students. We now have two fully
operational experimental rigs, with one concentrating
on atomic physics experiments, while the other is the
original purpose built BEC machine.

We achieved our first metastable helium (He*)

BEC in late 2006, three years after the formation

of ACQAQ. At the time this was only the fourth
demonstration of an excited state condensate.
Since our original demonstration we have used the
unique detection capabilities of He* to probe the
physics involved in the formation of an atom laser.
In particular, our group has observed quantum
mechanical interference fringes on the output
profile of the atom laser [1], as predicted by Mdlmer.
Demonstrated locking of the atom laser beam [2],
by using the ions produced in the He* atom laser
formation as a feedback signal. Produced paired
atom laser beams [3], as a direct result of four wave
mixing, that may be entangled and used an optical
potential to guide an atom laser beam [4], analogous
to an optical fibre.

Besides our atom laser studies, we have also
performed a number of interesting atomic physics
experiments. Including measuring accurately, for the
first time, the lifetime of the metastable state of He*
[5]. Moreover, we have begun the first experiments
of a mixed alkali (Rb) — excited state (He*) cold atom
mixture. Many scientists thought such a mixture
would be unstable due to the high internal energy of
He*, however our initial results suggest such a novel
mixture may well be stable [6].

In the coming years we plan to embark on a
number of experiments that will test the foundations
of quantum mechanics. In particular we want to
carry out experiments to test the famous Einstein-
Poldosky-Rosen paradox.

[1] R.G. Dall, et al., Optics Express, 15, 17673 (2007).
[2] R.G. Dall, et al., Optics Express, 16, 14716 (2008).

[3] R.G. Dall, et al., Physical Review A 79, 011601R
(2009) (Rapid Commun.)

[4] R.G. Dall, et al., Physical Review A 81, 011602R
(2010) (Rapid Commun.)

[5] S.S. Hodgman, et al., Physical Review Letters,
103, 053002 (2009).

[6] L.J. Byron, et al., New Journal of Physics 12,
013004 (2010).
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Project — Matter waves in optical lattices and atomic waveguides

Dr Elena Ostrovskaya

Dr Ostrovskaya is a Cl and a founding member
of ACQAQ, currently leading the ACQAQ theory
node at the Nonlinear Physics Centre, Institute
of Advanced Studies, ANU. Her work was
supported by an ARC APD fellowship in 2003—
2005 and ARC ARF fellowship in 2007-2011.

A BEC loaded into an optical lattice is one of the most
flexible, “clean”, dynamically reconfigurable systems
available to physicists. Matter-wave nonlinearity due
to the atomic interactions and tunability of the lattice
potential make this system analogous to nonlinear
photonic bandgap structures for coherent light [1].
This theory project was established with the aim

to understand the nontrivial nonlinear dynamics of
BECs in a lattice and suggest methods for efficient
control and manipulation of the matter wavepackets,
in 2 manner similar to manipulation of light waves in
periodic photonic structures.

At the start of the ACQAO we have pioneered the
research on the interplay between the effects of
lattice periodicity and matter-wave nonlinearity,
which can lead to localization of the condensate in
the form of atomic gap solitons, vortices and other
complex topological structures (see Ref. [2] and
references therein). We then investigated quantum
noise properties of localized states, dynamics

of spinors and Bose-Fermi mixtures, and the
possibilities for quantum information processing with
optical lattices [3].

Recently, our activities are focusing on the controlled
manipulation and transport of matter waves both in
optical lattices and ultracold atom-guiding structures
created by optical and magnetic traps. In particular,
we have investigated driven periodic potentials and
demonstrated mass-dependent transport of BEC

in an optical ratchet potential [4] and dynamical
routing of BEC wavepackets through an optical
lattice [5]. Our overarching goal is feasibility studies
for future applications of ultracold atoms in atomic
interferometry and quantum information processing.

[1] E.A. Ostrovskaya and Yu. S. Kivshar, Opt.
Express 12, 19-29 (2004).

[2] E.A. Ostrovskaya, M.K. Oberthaler, and Yu. S.
Kivshar Nonlinear Localization of BECs in Optical
Lattices in Emergent Nonlinear Phenomena in
Bose-Einstein Condensates (Springer Berlin
Heidelberg, 2007), pp 99-130.

[3] C. Lee and E.A. Ostrovskaya, Phys. Rev. A 72,
062321 (2005).

[4] D. Poletti, T.J. Alexander, E.A. Ostrovskaya,
B.W. Li, and Yu. S. Kivshar, Phys. Rev. Lett. 101,
150403-4 (2008).

[5] J. Abdullaey, D. Poletti, E.A. Ostrovskaya,
and Yu. S. Kivshar, Controlled transport of
matter-waves in two-dimensional optical lattices,
submitted to Phys. Rev. Lett. (2010).
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Project — Atom laser theory

Joe Hope

Joe Hope is a founding Cl of ACQAQO, with a
strong interest in atom lasers and their limits and
possibilities. Atom lasers have been a constant
theme of his work in the Centre, but he has also
been involved in a wide range of activities and
collaborations. In 2006, he began building a
group focussing on quantum control in parallel
with ACQAQ. He is currently excited by a range
of new possibilities for making revolutionary new
theoretical tools that allow easier quantum field
theoretical simulations of degenerate ultra-cold
gases with high nonlinearities. These new tools
may also allow efficient simulation of certain
condensed matter systems.

In 2009, the atom laser theory group at the
ANU examined the processes underlying the
quasi-continuous pumping of an atom laser,
characterised the possibilities for using thermal
sources for continuous atom laser production,
described the generation of correlated atom
laser beams via four-wave mixing [1], proposed
methods of generating squeezed atom lasers
from outcoupling [2], described a filter for a BEC
undergoing phase-contrast imaging [3], and
developed methods for modelling conditional
quantum systems [4].

The group has published with all three ANU-based

experimental projects within ACQAO, has examined

a range of theoretical topics and developed new

theoretical and computational techniques and tools.

From before the start of ACQAQO, the theory group
was involved with developing and understanding
the properties of atom lasers, and this remained a
constant theme throughout the Centre. Over this

time, we examined the mode selectivity properties
of pumped atom lasers, the behaviour of BEC and
atom lasers undergoing feedback, and the practical
limitations in flux and transverse mode properties of
outcoupled atom lasers in a range of configurations
with different outcoupling mechanisms and relevant
internal mode structures. We also examined minimally
destructive optical detection of atoms, culminating
in a general theorem that demonstrated that no
multi-photon optical method of detecting atoms
could produce a superior measurement compared
with existing schemes. We also took the main role
in investigating possibilities for the later starting
atom-light entanglement project. This resulted in
theoretical examinations of existing quantum memory
schemes, and theoretical tools that helped the

ALE group after they were sufficiently established

to take over this work. In collaboration with the UQ
theory node, the group also developed a range of
schemes for coupling the quantum state of light and
a BEC, allowing for an effective optical memory,
entanglement between laser and atom laser beams,
production of squeezed atom lasers.

The group is currently focussing on continuing to
refine schemes for controlling atom lasers, with the
goal of proposing a measurement-based feedback
experiment for the atom laser experiment. We are
also working to produce new theoretical methods for
the simulation of nonlinear quantum systems.

[1] R.G. Dall, et al.,, Phys. Rev. A 79, 011601(R)
(2009).

[2] S.A. Haine and M.T. Johnsson, Phys. Rev. A 80,
023611 (2009).

[3] S.S. Szigeti, et al,, Phys. Rev. A 80, 013614
(2009).

[4] M.R. Hush, et al., Phys. Rev. A 80, 013606 (2009).
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Project — Fermions Simulations

Joel Corney (Chief Investigator)

Dr Joel Corney became a founding Cl of ACQAO
after returning from postdoctoral work at the
Technical University of Denmark. He is now a
senior lecturer at UQ, where his main research
interests are fermion simulations, quantum
squeezing and novel stochastic methods for
quantum fields.

The first-principles simulations of the dynamics of
a Bose-Fermi system outlined in the science report
[page 28], builds upon the foundations laid by the
ACQAO fermion simulation project.

How can a system of many interacting particles

be efficiently simulated on a computer? How do

you deal with the incredible complexity of quantum
mechanics, where a complete description entails
keeping track of every possible configuration of
particles? It was questions such as these that led us
to formulate new ways to represent quantum states.
We were searching for a probabilistic, overcomplete
and yet efficient representation that suited the
physics of ultracold atoms.

A representation based on Gaussian operators
provided an elegant formalism that matched these
criteria [1]. Importantly, it was able to represent
fermionic states. While experiments in ultracold
fermions were moving to the vanguard of matterwave
research, there was not yet available the range of
theoretical techniques that there were for bosons.

We first applied the approach to the Hubbard

model [2], which is speculated to account for the
kind of high-temperature superconductivity observed
in 2D condensed matter systems. The method was
taken up and extended by computational physicists
in ETH Zurich, Wirzburg, Aachen and Tokyo [3].

More recently, we have focused on using the
Gaussian technique to focus on real-time

dynamics [4]. As detailed elsewhere [page 42],

we simulated the dissociation of a Bose-Einstein
condensate of molecules into pairs of fermionic
atoms. Phase-space methods for bosons have been
around for some time, but this is the first time that a
phase-space method for fermion dynamics has been
demonstrated for a large interacting system.

A major focus of the proposed future ACQAQO is
quantum simulation: using the controllability and
purity of ultracold systems to simulate the physics
and models from other areas of physics. The
fermion simulation project has a vital role in providing
computational validation of potential quantum
simulators, before they are applied to large scale
problems.

[1] J.F. Corney and P. D. Drummond, J. Phys. A 39,
269 (2006); J. F. Corney and P. D. Drummond,
Phys. Rev. B 73, 125112, (2006).

[2] J.F. Corney and P.D. Drummond, Phys. Rev.
Lett. 93, 260401 (2004);

[3] T. Aimi and M. Imada, J. Phys. Soc. Jpn 76,
113708 (2007).

[4] M. Ogren, et al., arXiv:0910.4440 (2009).
Submitted to Phys. Rev. Lett.
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Advisory Board Management

Our interactive science team includes two advisory The main office of ACQAQ is located at the ANU,

boards with international and national members. The were the Director, Hans Bachor, is responsible for
international board is made of leaders of key centres the overall science direction and performance of

in the USA and Europe. It has, since 2003, helped us the Centre. We regula ogress

to build awareness of our activities around the world. against the
The national board combine experience in both

government and private enterprise and enhances o
linkages with key stakeholders.

key performance measures (KPM)
and international benchmarks. Our achievements
measured as KPM’s are described in detail on
page 62. The Chief Operations Officer (COO),
working alongside the Director, is responsible for g
operational and financial aspects of the Centre. Qur
financial support comes from both the Australian
Research Council (ARC) and the participati
universities (ANU, UQ, SUT).

consulta 'ns on the proposed researoh progra Throughout 2009 the Centre held a regular series
for a new ACQAO proposal in the next round of of meetings as detailed in Figure 1. These meetings
Centres of Excellence. are an integrat-part ofthe Centre, covering the
mfrom the-overall strategic direction
al Advisory Board members of ACQAO to the daily management of our

esearch activities. Fundamental decisions are
determined by all Chief Investigators (Cl) based

on recommendations from the Executive and

Internation

Professor Alain Aspe
Palaiseau, France.

Institut d’Optique,

Professor Keith Burnett, Vice-Chaneefior, Advisory board. The Executive, which includes the
University » Sheffield UK. irector, COO, Node Directors & Scientific Directors
Professor William Phillips, Nobel laureate, (Peter Drummond & supervises the
National Institute of Standards and Technology ongoing administration.

(NIST), Maryland, USA.

Professor Eugene Polzik, Niels Bohr Institute,
Copenhagen, Denmark.

National Advisory Board members

Professor Lawrence Cram, Deputy Vice-Chancellor,
The Australian National University.

Dr Mark Dransfield, Chief Geophysicist,
Fugro Airborne Surveys Pty Ltd.

Dr Steven Duval, Technology Consultant.

Dr Peter Fisk, General Manager: Physical Metrology,
National Measurement Institute, Department of
Innovation, Industry, Science and Research.

Dr Warren Marwood, Research Leader, RFEW,
Electronic Warfare and Radar Division, Defence
Science and Technology Organisation (DSTO).

Dr Bruce Whan, Director, Swinburne Knowledge,
Swinburne University Of Technology. Prof. Burnett visits ACQAQ in April 2009
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Figure 1. ACQAO meetings 2009

Meeting style People Frequency Location and Month
Cl meeting All CI's, Director & COO Bi-annual July, ANU, Canberra
December, Adelaide, SA
Executive Committee Research Director, COO, Quarterly March, July, September, November
Node Directors & Scientific Advisors (by video conference)
Advisory Board International & National members Annually International (by teleconference) —

May, ANU, Canberra
National — July, ANU, Canberra

International & Centre & Partners, other Australian Bi-annual February, Les Houches, France

National Workshop groups December, ACOLS, Adelaide

Individual Project & Cl, Research Fellows, students & Fortnightly = Across the Nodes

group visitors

IP Committee Node Directors, Participating Annually July, ANU, Canberra
Universities

ACQAQO staff.and students at the international workshop held in Les Houches

=
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Coherent pulse sequencing with gradient echo memory

M. Hosseini', B. M. Sparkes', G. Hétet!, J. J. Longdell?, P. K. Lam?, and B. C. Buchler!
L Research School of Physics and Engineering, ACQAO, ANU
2Pnysics Department, University of Otago, Dunedin, New Zealand

One possible paradigm for optical quantum state storage is to write the optical field onto the polar-
isation of an atomic ensemble. Provided the atomic states are long-lived, this allows to freeze light
in space. By mapping the atomic polarisation back to an optical field, the light can be released
at a later time. Significant progress has recently been made in implementing atomic quantum
memory using electromagnetically induced transparency (EIT), photon-echo, off-resonant Ra-
man, and other atom-light interaction processes [1].

Our coherent memory system, known as “Gradient Echo Memory” (GEM), can be used with two-
and three-level atomic systems and in principle it can be 100% efficient without adding any extra
noise to the stored light [2, 3]. The key to two- or three-level GEM is the application of an atomic
frequency gradient along the length of the storage medium. Depending on the atomic system,
a linearly varying electric or magnetic field can be used to induce a Stark or Zeeman shift that
varies in the z direction, as shown in Fig. 1a. In the most simple storage protocol, a probe field
is absorbed by the frequency shifted ensemble of atoms. Due to the frequency gradient in the
ensemble, the Fourier components of the probe field are distributed linearly along on the z-axis
[4]. The light is released by inverting the gradient as shown in Fig. 1b.

We have experimentally demonstrated in warm Rb vapour [5] that three-level GEM can be used
to stretch and compress pulses (Fig. 1c), recall pulses in any desired order (Fig. 1d) and split
pulses over multiple recall events (Fig. 1e). Recall efficiency of over 40% was also observed.
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Fig. 1: (a) A pulse is absorbed in an ensemble. (b) Re-emission occurs after reversing the atomic fre-
quency gradient. (c) Pulse compression (ii) and stretching (iii) of the input pulse (i). (d) Reordering of
pulses. (e) Splitting of pulses. Pulse power (P,) is in arbitrary units. The recalled pulses in (d) and (e) are
magnified 10 times. The dashed lines show numerical models of the experiment. See [5] for details.

References

[1] A.l. Lvovsky, B. C. Sanders, and W. Tittel, Nature Photonics 3, 706 (2009).
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High fidelity quantum memories with dynamical switching

Q. Y. He, M. D. Reid, and P. D. Drummond
Centre for Atom Optics and Ultrafast Spectroscopy, ACQAO, SUT

We propose a digital approach to quantum memories using a single-mode oscillator-cavity model
(Fig. 1(a)), in which the coupling is shaped dynamically in time to provide the optimum interface
to an input pulse [1]. This concept, developed with partner investigator E. Giacobino in IFRAF
(Paris) relies on the integration of a microscopic optical cavity with a long-lived quantum oscillator.
The key new approach is a tailored gating pulse, which matches the memory to an input mode.

Our generic model is applicable to any linear storage medium ranging from a superconduct-
ing device to an atomic medium. In a subsequent paper, we derived a condition on the time-
dependence of the oscillator-cavity coupling required to match to any external pulse-shape, in-
cluding time-symmetric pulses (Fig. 1(b)). This contrasts with our previous work [1], in which
the coupling was a step function resulting in non-symmetric pulses. Our digital quantum memory
proposal is highly suitable for single qudit quantum information processing.

An essential feature of our treatment is that we show how a smooth, time-symmetric sech-pulse
can be stored for times longer than the pulse duration, and recalled with high quantum fidelity.
Thus, the output pulse shape replicates the input pulse. This type of quantum memory promises
to give both high quantum fidelity and long lifetimes.

im] [} i)

A

Fig. 1: (a) Proposed dynamical atom-cavity QM; (b) Cavity input (dashed) and output (solid) amplitudes
[1]; (c) Setup for the memory with Bose-Einstein condensation [3].

The proposed architecture is very adaptable to many different technologies. These range from
ultra-cold atomic gases at micro or nano-Kelvin temperatures through to superconducting circuits
and even cooled nano-mechanical oscillators, which can approach the quantum domain. In prin-
ciple, any of these can be utilized for the storage component inside the optical cavity. Currently,
we are working on the storage of information in a trapped BEC [3]. The setup for the quantum
memory is illustrated in Fig. 1(c). Here, we consider a BEC trapped in an optical cavity, which is
continuously driven by a control laser. BEC in a cavity has been recently realized in experiments.
This system results in very strong atom-photon coupling. This is extremely useful for performing
quantum information processing before decoherence sets in. It also has the potential for new
tests of quantum mechanics using entanglement of massive particles.

References

[1] Q. Y. He, M. D. Reid, E. Giacobino, J. Cviklinski, and P. D. Drummond, Phys. Rev. A 79, 022310 (2009).
[2] Q. Y. He, M. D. Reid, and P. D. Drummond, Optics Express 17, 9662 (2009).
[38] H.D, Q. Y. He, M. D. Reid, H. Dong and P. D. Drummond, in preparation.
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Experimental demonstration of computer reconfigurable
multimode entanglement

J. F. Morizur!2, L. Nicholls', P. Jian'2, S. Armstrong!, K. Wagner!,
M. T. L. Hsu?, W. Bowen?, N. Treps?, J. Janousek!, H.-A. Bachor!
! Research School of Physics and Engineering, ACQAO, ANU
2 aboratoire Kastler Brossel, Paris Cedex 5, France
3School of Mathematics and Physics, ACQAO, UQ

Novel quantum communication and computation protocols require an increasing number of en-
tangled modes. Conventionally, the entangled modes are carried by many single mode beams [1].
In our work we demonstrate a set of tools that generate, manipulate and detect multimode en-
tanglement within a single beam of light with the modes being set in the Hermite-Gauss basis.
This new method is flexible and computer controlled in the sense that any quantum protocol re-
quiring a finite number of modes can be tested. In our scheme (see Fig. 1), all the entangled
modes are carried by a single beam and their correlations are measured with a pair of multipixel
homodyne detectors and one single local oscillator. This method takes full advantage of the new
degenerate OPAs which can squeeze simultaneously several co-propagating modes. It allows
for fully computer controlled entanglement relationships: there is no need for hardware changes
to switch from one protocol to another.

fll\;ultipixel homodyne detec;c‘;:\-

Degenerate OPA Universal mode converter

Local

Multiple squeezed Multimode oscillator

modes entanglement

Fig. 1: Overview of the generation and manipulation of entanglement within a single beam of light.

The first step in creating the co-propagating, entangled modes is to generate several squeezed
modes within the same beam. This can be done either by using a degenerate OPA cavity [2],
which is a cavity capable of squeezing several Hermite-Gauss modes, or by combining orthogo-
nal squeezed modes (produced by several single mode OPAs) with minimum loss using optical
cavities. The second step is to mix the different squeezed spatial modes. For this purpose we in-
troduce a unitary mode converter (UMC), which is a succession of spatial Fourier transforms and
reflections on computer controlled deformable mirrors. We show that we can in theory perform
any kind of spatial basis change provided that there are enough reflections and Fourier trans-
forms [3]. Our experimental results for the performance of the UMC match well to the simulated
results and outperform the conventional way of generating higher-order modes using optical cav-
ities. Finally, the third step is a simultaneous detection which utilizes a pair of 8-pixel photodiodes
working as a multi-pixel homodyne detector [4]. An 8-channel direct data acquisition card is then
used to record the squeezing and determine the quantum correlations.
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Creating EPR-entangled matter beams

G. R. Dennis and M. T. Johnsson
Research School of Physics and Engineering, ACQAO, ANU

One of the most fundamental properties of quantum mechanics is non-locality. Although this
property has been confirmed in ever more rigorous experiments, all such experiments have used
photons, and never massive particles. Such a test is one of the holy grails of quantum atom
optics. We have now identified a system and an experimental scheme which exhibits EPR en-
tanglement between matter beams, the essential resource required for such a test.

The first hints came in a metastable helium (He*) atom laser experiment conducted by a group at
the Australian National University. They coupled trapped atoms in a Bose-Einstein condensate
(BEC) into an untrapped state, allowing them to form an atom laser and fall under gravity onto a
detector which imaged the profile of the beam. At high coupling powers anomalous “peaks” were
seen, well seperated from the expected atom laser profile. In simulations where the coupling
was on resonance, only full quantum field theory simulations showed the peaks; semiclassical
Gross-Pitaevskii simulations did not. This suggested there was a spontaneous vacuum seeding
effect taking place. The mechanics of the process are shown in Fig. 1. An exotic form of four
wave mixing occurs, with stationary trapped and untrapped atoms colliding and scattering into
two beams along the long axis of the BEC.

While this appears to violate energy conservation, it
is allowed due to the peculiar nonlinear energy terms
in the He* system. For details see Dall et al. [1].
To investigate whether the twin beams were EPR en-
tangled, we carried out a Bogoliubov analysis of the
system. The mean fields which we linearized around
were time-dependent, which would normally require
MePdetector 3 numerical solution, but we managed to prove that
the mean fields were periodic, allowing us to apply a
novel Floquet approach to gain analytic insight. We
demonstrated that there are dynamic instabilities in
the BEC which lead to exponential growth of fluctua-
tions that couple opposite momenta. A high aspect-
ratio BEC ensures that this amplification can only
take place along the long axis of the condensate,
leading to directed beams.

EPR Entangled beams
BEC

— )
Normal He* /

Atom Laser beam

o

Resulting peaks

Fig. 1: Outcoupling an atom laser from a
BEC with nonlinearity mismatches results
in paired matter beams which can be EPR
entangled.

We showed that the evolution of the fluctuation operators for the two modes in the system were
Aty = 0" (sinh(y(k)t)A"T(~k, 0) + cosh(y(k)1)A(k,0)) ,
Nk,t) = e ™0 (sinh(y(k)t)AT (~k,0) + cosh(v(k)t)A(k,0)) ,

identical to degenerate parametric down conversion in optics. Just as PDC is a source of EPR-
entangled photon pairs, the beams in our system are EPR-entangled atoms.

The manuscript describing these results in currently in preparation.
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Spatially inhomogeneous phase evolution of a two-component BEC

R. P. Anderson, C. Ticknor, M. Egorov, V. lvannikov, A. |. Sidorov, and B. V. Hall
Centre for Atom Optics and Ultrafast Spectroscopy, ACQAO, SUT

Accurate knowledge of the phase of matter waves is an important factor in studying BEC coher-
ence, and its potential application to precision measurement. We observe the spatially depen-
dent relative phase evolution of an elongated two-component Bose-Einstein condensate [1]. The
pseudospin-1/2 system is comprised of the |FF = 1,mp = —1) and |F' = 2,mpr = 1) hyperfine
ground states of 8”"Rb, magnetically trapped on an atom chip [2] and interrogated via two-photon
Ramsey interferometry. The first /2 pulse prepares the pseudospin system in a non-equilibrium
state. The subsequent evolution of each spin component leads to an inhomogeneous relative
phase along the direction of weak confinement, varying by 2= across the condensate after 95 ms
of evolution. The second 7 /2 pulse converts spatial variations of the relative phase into spatial
variations of the longitudinal spin projection (Fig. 1). We observe Ramsey interference fringes
whose decay (1/e time ~ 70 ms) is due principally to the relative phase inhomogeneity, rather than
decoherence or quantum phase diffusion. Our observations of the spatially dependent relative
phase and subsequent loss of interferometric contrast are in striking agreement with simulations
of the coupled Gross-Pitaevskii equations with decay terms corresponding to inter- and intra-state
many body loss processes [1]. We have also demonstrated a new technique to simultaneously
image each state, yielding sub-percent variations of the measured relative atom number, while
preserving the spatial mode of each component.

z (pm)

z (pm)

0 20 40 60 80 100 120

time (ms)

Fig. 1: Spatially resolved longitudinal spin projection of a pseudospin-1/2 BEC during Ramsey interferom-
etry. Following the first /2 pulse, the relative phase evolves inhomogeneously along the axial direction,
z. This dephasing is manifest as spatial variation of the longitudinal spin projection, p., after the second
/2 pulse. (a) Experimental data, (b) coupled Gross-Pitaevskii simulation.
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Quantum projection noise limited interferometry with coherent atoms
in a Ramsey type setup

D. Déring, G. McDonald, J. E. Debs, C. Figl, P. A. Altin, H.-A. Bachor,
N. P. Robins, and J. D. Close
Research School of Physics and Engineering, ACQAO, ANU

Atom interferometric devices are usually based on measuring the population in one of two atomic
states. Every population measurement of an atomic two-level system is limited by what is known
as the quantum projection noise limit [1, 2], and at any given flux it is the aim of a precision
measurement to be limited by this fundamental noise limit instead of technical noise.

We present a quantum projection noise limited Ramsey type interferometer using freely prop-
agating coherent atoms [3]. We couple two internal states of 8”Rb using two co-propagating
Raman lasers. By scanning the frequency detuning of the two Raman lasers, we measure Ram-
sey fringes. The setup is an improved version of our previous Ramsey interferometer [4]. The
main difference in an improved way of phase locking the two Raman lasers where we replaced
the previous Mach-Zehnder type interferometer by an inherently stable Sagnac interferometer
thus avoiding the need for external stabilization (see Fig. 1a). Fig. 1b shows the measured Ram-
sey fringes with a high visibility and noise of below 0.5% which corresponds to the quantum
projection noise expected for our samples of 10* atoms. This experiment will pave the way to-
wards observing squeezing effects in an atom laser, allowing for the achievement of improved
sensitivity in atom interferometers surpassing the quantum projection noise limit.
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Fig. 1: Schematic of Sagnac interferometer (a). The resulting laser beam acts as a beam splitter for the
atoms. ECDL: extended cavity diode laser. EOM: electro-optic modulator. BS: beam splitter. Measured
Ramsey fringe (b).
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Universal structure of a strongly interacting Fermi superfluid

H. Hu, E. D. Kuhnle, X. J. Lui, P. Dyke, M. Mark, P. D. Drummond, P. Hannaford, and C. J. Vale
Centre for Atom Optics and Ultrafast Spectroscopy, ACQAO, SUT

Universality is a remarkable property of strongly interacting systems of fermions. For sufficiently strong
interactions, all dilute Fermi gases behave identically on a scale given by the average particle sepa-
ration. Ultracold Fermi gases in the Bose-Einstein condensate (BEC) to Bardeen-Cooper-Schrieffer
(BCS) superfluid crossover display such universality, although their universal properties are not exactly
known. In 2005 Shina Tan [1] developed several elegant exact relations for the BEC-BCS crossover,
which connect the bulk thermodynamic properties to the microscopic parameters using a single short-
range parameter known as the contact, 7.

Using Tan’s result for the pair correlation function, we have derived a universal relation for the spin-
up/spin-down static structure factor, S;|, of a Fermi gas in the BEC-BCS crossover [2].

T kp 4
S >>kp) = —1=-—, 1
11(q F) Nk 4 ( m) )
where N is the atom number, kr is the Fermi wavevector, ¢ is the momentum and « is the s-wave
scattering length. Apart from some factors which we can easily determine, this depends only on the
dimensionless contact Z/Nkr. We have previously shown how S; (¢ >> kr) can be measured with
high momentum transfer Bragg spectroscopy [3].

We have performed Bragg spectroscopy

. - ) ) ' on a strongly interacting ultra-cold OLi
| WRel Fermi gas in a balanced mixture of the low-
130 0.30 est two spin states to test Eq. (1). To ex-

tract the absolute value of the static struc-
ture factor we integrate measured Bragg
spectra over all Bragg frequencies and
normalise them according to the f-sum rule
[2]. Multiple Bragg spectra are taken at
three different values of the dimension-
less interaction parameter 1/(kra) = 0.3,
0.0, -0.2, and S(q) is plotted versus kr/q.
O hoe nin b han has has has  The data closely follow the exact predic-
tion shown by the solid lines. The dashed
line is a straight line fit to the unitarity data
Figure 1: Universal behaviour of the static structure factor of  \yhich has a slope of 0.75 + 0.03, slightly
a strongly interacting Fermi superfluid below the T' = 0 prediction of 0.81, due to
reduced pairing at finite temperature.

S(q)

=
RN I R TR R R AR S AT

':'.." v

Our new Tan relation is seen to accurately describe S(q) on both sides of the Feshbach resonance.
Pair correlations are not only universal but follow a simple power law dependence. These results verify
Tan’s predictions linking microscopic and bulk properties of these gases and provide the first measure
of the contact 7.
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Quasi Two-Dimensional °Li Fermi gas

P. Dyke, E. D. Kuhnle, M. Mark, P. Hannaford, and C. J. Vale
Centre for Atom Optics and Ultrafast Spectroscopy, ACQAO, SUT

Two-dimensional Fermi gases can behave in surprisingly different ways from their three-dimensional
counterparts. This becomes particularly important for a two-component Fermi gas in the Bose-Einstein
condensate (BEC) to Bardeen-Cooper-Schrieffer (BCS) crossover region, where the 3D scattering
length is widely tunable. In 2D, bound states can exist even on the BCS side of the Feshbach reso-
nance. In quasi-2D other effects in the scattering become important, one example is a confinement
induced resonance (CIR). Recently Haller et al. [1] observed of a CIR in a 1D Bose gas. A pole in
the scattering amplitude occurs when the transverse oscillator length a; = /h/mw, (Where m is the
mass and w, is the axial trapping frequency) becomes equal to the 3D s-wave scattering length asp,
and colliding atoms can resonantly form molecules in the first excited state.

To form a 2D Fermi gas we must satisfy kT, Er < hw,. In our experiments, a 2D optical trap is
formed by a light sheet produced by tightly focusing a circular Gaussian beam in one direction with
a cylindrical lens. The trapping frequencies are w, /27 =~ 4 kHz and w,/2r =~ 70 Hz in the tightly
and weakly confined directions respectively, giving an aspect ratio of ~60. For an ideal Fermi gas,
Er < hw, for N < 2000 is necessary to achieve the 2D regime.

We have observed reduced dimensionality by measuring the transverse cloud width across the Fes-
hbach resonance after a short time of flight. The width shows a peak at 816 G (Fig. 1a) for an atom
number of ~4000. The inset shows the width of a 3D cloud vs. magnetic field which displays the
usual monotonic increase from the BEC to BCS limits. We interpret the increase in the 2D case as
arising from the production of molecules in excited transverse modes which expand more quickly upon
release, as expected for a confinement induced resonance. At large N (Fig. 1b) the width in the 2D
case shows a broader peak at a higher field but is still vastly different from the 3D case (inset). This
we believe to be due to higher transverse excited states being populated through collisions but we are
yet to quantitatively model these experiments. Our goal is to understand how CIRs affect pairing and
superfluidity in lower dimensional Fermi gases.
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Fig. 1: Observed width of a quasi-2D Fermi gas after expansion for (a) N = 4000 atoms and (b) N = 10° atoms.
Insets show the corresponding widths after expansion from our regular 3D optical trap. Solid lines are a guide to

the eye.
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Strongly Interacting Fermi Gases

X.-d. Liu, H. Hu, and P. D. Drummond
Centre for Atom Optics and Ultrafast Spectroscopy, ACQAO, SUT

Stongly correlated Fermi gases are of wide interest. They pose many unanswered questions in
quantum many-body systems, ranging from neutron stars, hadrons, and quark matter through
to high T, superconductors. Recent investigation of Feshbach resonances in ultracold atomic
Fermi gases have opened new, quantitative opportunities to address these challenges. How-
ever, a profound understanding is plagued by the large interaction strength, for which the use of
perturbation theory requires infinite order expansions.

At temperatures above the transition temperature we are able to use a reliable virial expansion
method, which allows a controllable study of the thermodynamics of stongly correlated Fermi
gases near the BEC-BCS crossover region [1,2]. Our theoretical prediction for the third order co-
efficient was completely different to previously predicted values. It has now been experimentally
confirmed to high accuracy by Salomon’s group at ENS [3]. Further, an important challenge in
ultracold superfluid gases is to observe second sound. We approached this problem in a trapped
unitary Fermi gas by solving the Landau two-fluid equations [4]. Our result has stimulated an
experimental group at Innsbruck to set up an experiment to measure second sound.

Virial Expansion for a Strongly correlated Fermi Gas

00— We proposed a practical way to study
i A QMC (Akkineniezal) 1 strongly interacting Fermi gases, by de-
0.2+ O QMC Burovskieral) | termining the virial expansion coeffi-
2 1 cients for both harmonically trapped and
—4 1 homogeneous cases. We calculated the
third order coefficient at finite tempera-
tures, obtaining a radically different re-
L sult to an earlier calculation by Rupak. At
P resonance, we obtain the T-independent

- coefficient, bvio™ ~ —0.29095295. Our
| s | prediction has been confirmed by exper-
'1'00 ' i ' é ' é ' 4" " 5 iments carried out by international part-
TIT, ner investigators at ENS (IFRAF), Paris.

int

E,_/(Ne..)

Second Sound in a Trapped Fermi Gas

Using a variational approach, we solve the equations of two-fluid hydrodynamics in a unitary
Fermi gas trapped by a harmonic potential. We show that the density fluctuations (first sound)
weakly couples to the entropy fluctuations (second sound) of the system, giving rise to a typical
hybridization effect where the frequencies cross. We predicted the value of the frequency splitting
caused by hybridization and show how the coupling results in a beating in the density response.
This gives a promising way of exciting and detecting second sound in this system.
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Exact Quantum Dynamics of Fermionic systems

M. Ogren, K. V. Kheruntsyan and J. F. Corney
School of Mathematics and Physics, ACQAO, UQ

The physics of interacting fermions is the basis of many of the most important phenomena in
condensed matter physics, ultracold gases, and quantum chemistry. A fundamental issue is how
the microscopic interactions at the quantum level give rise to collective and emergent effects in
many-body systems. Ultracold quantum gases provide an ideal platform on which to explore such
issues, through highly controllable implementations of analogue many-body systems for which
the dynamical evolution and correlations are directly accessible. In order to make predictions
from the underlying theory and to validate the potential simulators, or to benchmark approximate
approaches, a numerical simulation of the exact real-time dynamics is required.

To this end, we are adapting the Gaussian phase-space representation for fermions to dynamical
simulations of large scale systems. This representation was used to give a sign-free simulation
method for determining the ground-state properties of the Hubbard model, thereby giving insight
into the origin of high-T,. superconductivity in cuprates [1]. By contrast, we are focussing on the
real-time dynamics of many-body quantum systems, a class of problems for which few practical
exact methods exist.

For the first application of the fermionic phase-space method

2 (a) ! to a multimode dynamical problem [2], we consider the dis-
15 0.8  sociation into pairs of correlated fermionic atoms of a uni-
06 form molecular BEC (MBEC) initially in a coherent state at

§°1 - ' zero temperature. Assuming sufficiently low densities, we
0.4  neglect s-wave scattering interactions to simplify the treat-

0.5 02 ment. We simulated systems with M = 103 relevant atomic
' Fourier modes and Ny = 10% — 10* (*°K5,) molecules at den-

% p T 0 sities n1p ~ 1.3 x 10° — 1.3 x 10" m~L. In these cases, the

number-state calculation is impossible as the dimension of

2 (b) 06 the Hilbert space is enormous (d = 2Mn . > 10%%0). We
15 05 find different regimes of dynamical behaviour: (a) if the ini-
' tial number (Ny = 10%) is much larger than the number of

<4 04 available atomic modes, the dynamics is dominated by Pauli
= 03 blocking and is well-described by a pairing mean-field the-
05 02 ory; (b) if the number of molecules is comparable (or less)
0.1 than the number of available modes, we see large molecu-

% ” 2, 3 0 lar depletion and the development of strong correlations. In

this regime, the atom pairs develop beyond-mean-field corre-
Time-evolution of atomic momen- |ations, in addition to becoming correlated with the molecular
tum densities in (a) Pauli-blocked  fig|q, |eading to large fluctuations in the second-order corre-
and (b) depleted regimes. lation function of the molecules.

Although we have here reported only on 1D simulations, we have also implemented 2D and
3D calculations and found that the method works reliably in higher dimensions. Extensions of
the method to implement s-wave scattering interactions will enable the study of non-equilibrium
dynamics in a broader class of fermionic systems of current experimental interest, such as atomic
Mott insulators in optical lattices and the BCS-BEC crossover problem.
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Macroscopic quantum self-trapping of ultracold Bose-Fermi mixtures

E. A. Ostrovskaya, S. F. Caballero-Benitez, and Yu. S. Kivshar
Research School of Physics and Engineering, ACQAO, ANU

Self-trapping phenomena are among the most dramatic effects of atomic interactions in the sys-
tems of quantum degenerate gases. The so-called macroscopic quantum self-trapping (MQST)
effect manifests itself as localization of most of the particles in the system in a particular re-
gion in space. The MQST and related effects in purely bosonic systems have been extensively
analyzed in different physical contexts, from the Josephson effect in superconductors and the
study of superfluid “He to the alkali Bose-Einstein condensates. The MQST effect in a so-called
Bose-Josephson junction, i.e. a Bose-Einstein condensate loaded into a double-well potential,
has been extensively studied theoretically [1] and observed experimentally [2]. lts appearance
is linked to the formation of new stationary states that are characterized by a population imbal-
ance between the wells of the trapping potential, which becomes more pronounced with growing
nonlinearity. Moreover, it turns out that the MQST effect plays an important role in the dynamics
of condensates in periodic potentials, leading to the formation of self-trapped or truncated gap
states [3].

'_ In the context of ultracold Bose-Fermi gases, we have

- analysed theoretically the effect of degenerate fermions
- .. on the self-trapping behavior of ultracold bosons in a
. quasi-one dimensional symmetric double-well potential
: I [4]. In order to analyze the static properties of the sys-

tem, we used a self-consistent numerical approach, as
well as a quasi-analytical treatment, based on a mean-

i - l 1 field density approximation for the fermionic component
. P— and a coupled-mode theory for the bosonic component.
L = 1* We considered both attractive and repulsive interac-
’ __'_ ‘ tions between bosons and fermions, and found that,

depending on the type of the inter-species interactions,

a significant enhancement or suppression of the MQST
Fig. 1: Dynamical suppression of MQST  regime can occur in the system (see Fig. 1). Both the
regime in the case of repulsive inter- €nhancement and the suppression of self-trapping in
species interactions.  Shown are the the BEC cloud mixed with degenerate fermions may
densities of the bosonic component at (a)  signal the existence of the new regimes of the dynam-
zero and (b) non-zero concentration of  ics and switching of BECs in atomic waveguides and
fermions. nonlinear interferometers with mixed atomic species.

They are also expected to have profound consequence for the formation and dynamics of the
self-trapped gap states in the Bose-Fermi mixtures loaded into periodic potentials. Beyond the
mean field, these effects may have an implication for the onset of the superfluid to Mott insulator
(MI) transition in a lattice potential, leading to the inhomogeneous suppression of the Ml regime
in the case of repulsive interaction and phase separation.
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Superfluidity in dilute gas Bose-Einstein condensates

A. G. Sykes', C. Feng!, D. C. Roberts?, A. S. Bradley?, B. P. Anderson?, and M. J. Davis'.
1School of Mathematics and Physics, ACQAO, UQ
2Center for Nonlinear Studies, Los Alamos National Laboratory, New Mexico, USA
3Jack Dodd Centre for Quantum Technologies, University of Otago, Dunedin, New Zealand
4College of Optical Sciences, University of Arizona, Tucson, Arizona, USA

It is generally accepted that dilute gas Bose-Einstein condensates (BECs) in three dimensions
are superfluids — they can flow without resistance below a certain critical velocity, and may only
rotate by forming quantised vortices. In the past twelve months we have been investigating a
number of aspects of superfluidity in ultra-cold Bose gases.

1. A recent experiment by the Engels group at
Washington State University has observed evi-
dence for a superfluid critical velocity in dragging
both attractive and repulsive obstacles through a
harmonically trapped, cigar-shaped BEC [1]. In
2009 we have completed the modelling of these
experiments using the 3D Gross-Pitaevskii equa-
tion and have found that it is highly likely that their
data should not be interpreted as demonstrating a
threshold velocity for the loss of superfluidity [2].
The image to the right is a plot of the average
density in space and time of an obstacle being
forced through a BEC showing soliton formation time
in its wake.

2. Recent experiments in the Anderson group at the University of Arizona have observed the
formation of vortex dipoles by forcing a highly oblate BEC past a small Gaussian obstacle formed
by a tightly-focussed blue-detuned laser beam. The dipole formation only occurs above a certain
critical velocity, measured to be about 170 um/s. At higher velocities multiply-charged dipoles are
formed, which have not been predicted previously. We have simulated these experiments at zero
and finite temperature and found good agreement with the observations [3].

3. Previous work using perturbation theory has suggested that quantum fluctuations in 3D BECs
in an infinite system can cause a non-zero drag force on an object in a flow at all velocities
[4], in contradiction with the conventional understanding of superfluidity. We have performed a
mostly analytic calculation that finds a non-zero force acting on a delta-function impurity moving
through a quasi-one-dimensional Bose-Einstein condensate at all subcritical velocities and at all
temperatures. The force occurs due to an imbalance in the Doppler shifts of reflected quantum
fluctuations from either side of the impurity [5]. It is feasible to numerically simulate this system,
and we are continuing with quantum dynamical calculations aimed at conclusively demonstrating
this force dynamically in a finite system.
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Formation of topological defects in Bose-condensed gases

J. Sabbatini!, G. M. Lee!, S. A. Haine', A. S. Bradley?, B. P. Anderson3, and M. J. Davis!.
1 School of Mathematics and Physics, ACQAO, UQ
2Jack Dodd Centre for Quantum Technologies, University of Otago, Dunedin, New Zealand
3College of Optical Sciences, University of Arizona, Tucson, Arizona, USA

Quenches of quantum degenerate Bose gases are expected to result in the formation of topo-
logical defects such as solitons, vortices, or domain walls depending on the particular system.
This project aims to simulate such quenches using the stochastic Gross-Pitaevskii formalism at
finite temperature and the truncated Wigner method at zero temperature [1] to understand the
formation and subsequent evolution of the defects [2].

1. We have continued the study of the formation of vortices in evaporatively cooled Bose-Einstein
condensates [3]. Over the past twelve months we have focussed on the development of first and
second order coherence, and the origin of the vortices from the apparently turbulent initial stages
of condensation. We are aiming to develop an experimental scheme that would for the first time
experimentally demonstrate the predicted Kibble-Zurek scaling of the number of defects with the
quenching rate in a highly oblate trap [2].

2. Quench cooling and condensate formation experiments have recently been performed in a
cigar-shaped trapping potential in the Engels group at Washington State University, and have
observed what appear to be dark solitons in the density profile. This year we have simulated
a one dimensional version of this experiment, and indeed observe the appearance of solitons
during condensation. We have developed a robust algorithm for the detection of solitons, and
tracked their evolution as equilibrium is attained [4].

3. We have established a quantum Kibble-Zurek scenario
in a two-component BEC that is naturally immiscible [5].
By turning on a coupling between two hyperfine states of
a BEC it is possible to load the system into a dressed state
which is miscible (i.e. spatially homogeneous.) By ramp-
ing off the coupling the system returns to the immiscible
state, with faster ramps resulting in more domain walls
forming between the two components. We have demon-
strated a power law scaling of the number of domain walls
in a both a 1D homogeneous and 1D trapped system, but
with different exponents. The figure shows the 2D density
of one of the components after the coupling is turrned off.

4. The first experiment observing spontaneous symmetry breaking in a spinor BEC was per-
formed in the Stamper-Kurn group at Berkeley [6]. Over the past year we have been performing
quantitative simulations of the quantum dynamics of this experiment in a effort to understand the
experimental data on correlations and number of defects. In particular we wish to understand the
details of quantum and thermal noise in the initial state.
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Spontaneous Four-Wave Mixing of de Broglie Waves: Beyond Optics
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C. |. Westbrook!, P. Deuar?, P. Zin3, M. Trippenbach?, and K. V. Kheruntsyan®
! aboratoire Charles Fabry, Institut d’Optique, Univ Paris Sud, CNRS, Palaiseau, France
2 Institute of Physics, Polish Academy of Sciences, Warsaw, Poland
3The Andrzej Softan Institute for Nuclear Studies, Warsaw, Poland
4Institute of Theoretical Physics, Physics Department, University of Warsaw, Poland
5School of Mathematics and Physics, ACQAO, UQ

We investigate the atom-optical analog of degenerate four-wave mixing of photons by colliding
two Bose-Einstein condensates (BECs) of metastable helium and measuring the resulting mo-
mentum distribution of the scattered atoms with a time and space resolved detector [1, 2]. For
the case of photons, phase matching conditions completely define the final state of the system,
and in the case of two colliding BECs, simple analogy implies a spherical momentum distribution
of scattered atoms. We find, however, that the final momenta of the scattered atoms instead lie
on an ellipsoid whose radii are smaller than the initial collision momentum. Numerical and analyt-
ical calculations agree well with the measurements, and reveal the interplay between many-body
effects, mean-field interaction, and the anisotropy of the source condensate.

In Fig. 1 we show the schematic diagram of the collision geometry VA
in the center-of-mass frame in which we denote the collision axis as
Z. The two disks represent the colliding condensates in momentum
space. The sphere represents the halo of scattered atoms. The ax-
ial direction of the initial, cigar-shaped condensate is along X. We
analyze the experimental and theoretical data in the XY -plane. In
Fig. 2 (a) we show a slice of the experimentally detected scattering
halo in the XY -plane that reveals its annular structure; in Fig. 2 (b)
we show the respective theoretical result obtained from the first-
principles simulations using the positive-P method.

Fig. 2 (c) shows the comparison of the experimental (black) and theoretical (red) data for the
peak radius of the scattering halo on the equatorial plane versus the azimuthal angle ¢; as we
see the results agree within ~ 2% of accuracy. We have also analyzed the problem using a
stochastic implementation of the Bogoliubov approach, which allows us to identify and illustrate
the contributions of various mean-field interaction effects in the scattering process.
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Fig. 1. Schematic diagram
of the collision geometry.
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Fig. 2. (a) Momentum space density n(kx, ky) (in arb. units) of the experimentally observed scattering halo
on the equatorial plane; (b) Same as in (a) but from the positive-P simulation after 70 us collision time, in
units of 1078 m3. (c) Peak radius versus the azimuthal angle ¢.
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New tests of quantum mechanics: entanglement, EPR and Bell
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In 2009 we developed a number of novel tests of quantum entanglement, the Einstein-Podolsky-
Rosen paradox and the Bell inequality, related to the famous nonlocality of quantum mechanics,
leading both to novel scientific tests and potential quantum technologies.

Entanglement transfer between qubits was studied [1], thus demonstrating how entanglement
can be treated as a mobile resource which can be communicated from one system to another.
The goal of this work, treated in a subsequent paper [2], was to show how entanglement can be
treated as a conserved quantity, like energy. Subsequent joint work with Griffith University investi-
gated the relationship between the EPR paradox and a related concept called quantum steering.
This work developed practical benchmarks for the demonstration of generalized steering [3].

Next, a high impact letter publication appeared in Physical Review Letters [4] which developed
a completely new approach to quantum information with continuous variables. The new feature
was the idea of a functional inequality, which introduced the concept of using arbitrary functions
of measurements as a novel means of storing or manipulating quantum information. In this case,
the payoff is a Bell violation with much greater resistance to loss and decoherence.
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Fig. 1: Diagram of correlated spin tests with Bose-Einstein condensation [5, 6].

It is often important to be able to communicate quantum information using spinor variables. In
a joint inter-node study [5], we analysed a general approach to spinor quantum information, in
terms of robustness against loss. This was extended to arbitrary spin quantum numbers, which
is essential for treating EPR and Bell inequalities in Bose-Einstein condensates. Finally, in a
development involving both internode cooperation and several ACQAOQ partners, we published a
major review on the Einstein-Podolsky-Rosen paradox [6]. This is a major review article in the
most prestigious and highest impact journal in physics. It represents the first review in the history
of the EPR paradox to treat all major experimental and theoretical studies.
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Optical entanglement of co-propagating modes
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’ - Optical entanglement is a key requirement for many
quantum communication protocols. Conventionally,
entanglement is formed between two distinct beams,
with the quantum correlation measurements being per-
formed at separate locations. Such setups can be com-
plicated, requiring the repeated combination of com-
plex resources, a task that becomes increasingly dif-
ficult as the number of entangled information channels,
or modes, increases. We pave the way towards the re-
alization of optical multimode quantum information sys-
b0 Po+T2 tems by showing continuous variable entanglement be-
LO phase tween two spatial modes within one beam [1], see Fig.
2. Our technique is a major advance towards practi-
Fig. 1: Results for inseparability. Measure-  cal systems with minimum complexity. We demonstrate
ment of the variance for the sum Vi1, () three major experimental achievements. First, only one
and difference V./_,/ (¢) for the 45° ro-  source is required to produce squeezed light in two
tated fields. The data, both below the  orthogonal spatial modes. Second, entanglement is
QNL, are combined to one value for the  formed through lenses and beam rotation, without the
inseparability of 7 = 0.82 + 0.02, demon-  need for a beamsplitter. Finally, quantum correlations,
strating significant entanglement between  see Fig. 1, are measured directly and simultaneously
two orthogonal spatial modes within one using a multipixel quadrant detector.
optical beam.
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Fig. 2: Multimode entanglement experimental setup. We use a degenerate OPA for generating two
squeezed higher-order modes. An optical system made of cylindrical lenses imparts a =/2 phase shift on
one of the modes. Entanglement between 45° rotated spatial modes is analyzed using a QD set to a cor-
rectbasis. X (t, ¢) is equivalent to 6 X (a1 p)—(c+p) (t, ¢), and 6.X,, (t, ¢) is given by § X atc)—(B+D) (t, H)-
OPA: optical parametric amplifier; LO: local oscillator; HD: homodyne detection; QD: quadrant detector.
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EPR entanglement in asymmetric systems
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Entangled beams of light have been proposed for use as a resource in many quantum systems.
One experimental challenge encountered in continuous variable optical entanglement is the in-
evitable existence of losses in the system, which ultimately degrade the entanglement that can
be used and measured. The deterioration of the entangled state when losses exist in different
parts of the experiment is discussed. Two different measures of entanglement, inseparability and
EPR entanglement, are compared.

We present work on optimizing biased entanglement, where one squeezed beam is mixed with a
vacuum mode to produce an entangled state [1]. EPR entanglement that results from this method
is of interest to Quantum Key Distribution (QKD) systems, where one party (Bob) tries to predict
the data sent by another party (Alice). QKD establishes a secure key for sending encrypted infor-
mation between these two parties. Such schemes, in the continuous variable regime, originally
required a line loss of less than 50 % [2]. This limitation has since been overcome with post-
selection protocols, and by the use of reverse reconciliation [3]. Nevertheless, an improvement
of EPR correlations for a given amount of loss in a system is useful, as it can lead to an increase
in the rate at which the key and subsequent information can be transferred.

We investigate the effect of changing the
beam-splitting ratio in a biased entangle-
ment setup. We compare our experimen-
tal and theoretical results, and find the op-
timal EPR entanglement for a given set of
losses in the system as we change the mix-
ing ratio. We consider losses in two differ-
\ ent places in the setup - losses on the beam
\ before the beam-splitter is encountered,
14 and losses on one arm after the splitting.
\ Losses before the beam-splitter always oc-
\ cur, to some extent, in the squeezed beam,
2 \. and the losses on one arm of the entan-
. glement correspond to a line loss in a data
\\_ transfer system.In a biased entanglement
~ setup, the optimal beamsplitter ratio is given
06 ' by e = 5, where 7 is the transmission be-
Beamsplitter ratio, & fore the beamsplitter. For the case where
losses exist both before the beamspilitter,
Fig. 1: EPR entanglement in one direction for a bi- and on one arm of the entanglement, there
ased entanglement setup. There is no entanglement is also an optimum ratio that can occur
for a conventional 50:50 beamsplitter, but entangle- away from the 50/50 ratio normally used.
ment is achieved using an 80:20 beamsplitter. Using this, we measured biased EPR en-
tanglement for losses that would normally

prevent it from being measured.
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Squeezing the most out of your atom laser:
What is the best way to squeeze an atom laser
for precision measurement?
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An atom laser is a device which produces a matterwave with a well defined frequency, amplitude,
and phase. Atom lasers, when used as the source for an atom interferometer, show promise
for increased sensitivity of electric, magnetic, and gravitation fields, as well as rotations and
accelerations. The use of massive particles over photons offers the possibility of many orders of
magnitude increase in the sensitivity of these devices, due to the slower propagation speed of
atoms. However, as the flux of these devices is limited, quantum noise will set a fundamental limit
to the sensitivity that these devices can achieve. For classical sources, this limitis A¢ = 1/v/N [1].

A way to get around this limit is to use nonclassical states, such as squeezed states and entan-
gled states. We have previously proposed two schemes for producing squeezed and entangled
atom lasers. The first of these schemes relied on the transfer of the quantum state of an optical
beam to an atomic beam, and the second scheme used the nonlinear atomic interactions and
atomic interference to create squeezed states. However, the quantum states which are easiest
to create and observe nonclassical effects in, are not necessarily the best for increasing the sen-
sitivity of phase measurements. We have been investigating how best to use these techniques
to enhance the sensitivity of phase measurements.

Naively one might assume that the atom-atom interactions do nothing but degrade the sensitivity
of a phase measurement, as this interaction leads to phase diffusion. However, by careful choice
of parameters, including the beamsplitter ratios, this phase diffused state can be transformed
into a state with relative phase squeezing, which leads to an enhancement in the sensitivity of
phase measurements. This is analogous to optical homodyning. The phase diffusion caused by
the atom-atom interactions in the measurement interferometer do degrade the sensitivity, but for
appropriate choice of parameters, an overall increase in sensitivity when compared to a coherent
state can still be obtained.
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Left: Scheme to enhance the sensitivity of an atom laser interferometer. The first interferometer creates
a state with relative phase squeezing via the kerr interaction, and the second interferometer acts as the
measurement device. Right: Enhancement in sensitivity as compared to a coherent state.
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Experimental comparison of outcouplers for high flux atom lasers
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Atoms interact strongly with their environment, and this sensitivity to, for example, inertial and
electro-magnetic forces makes atom interferometers a promising choice for applications as ultra-
sensitive detectors of magnetic, optical, and inertial effects. Measurement devices consisting
of atom interferometers based around the coherent atomic samples known as Bose-Einstein
condensates (BECs) and atom laser beams outcoupled from a BEC are of particular interest due
to the possibility of using squeezing to enhance the interferometric sensitivity [1, 2]. In order to
fully explore the potential of atom lasers for interferometry, there are stringent requirements on the
beam properties, and hence the outcoupler used to achieve this. As with optical interferometry,
we desire high flux, low divergence and a simple spatial mode.

In this work, we compare the properties of three differently outcoupled atom laser beams. One
outcoupler is based on multi-state radio frequency transitions and two others are based on Ra-
man transitions capable of imparting momentum to the beam.

We have experimentally verified that a two-state Raman outcoupling scheme which imparts mo-
mentum to the atoms, results in a larger maximum flux than rf outcoupling or outcoupling from
multi-level systems. Coupled with the previous work on divergence and the spatial mode of Ra-
man outcoupled beams [3, 4], it is now clear that a two-level Raman outcoupler produces the
highest brightness atom laser beam of any outcoupler to date for magnetically confined samples.
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Fig. 1: Absorption image data for a Raman outcoupler operating between Zeeman states of the F = 1
ground state of 87Rb. Red (blue) represents a high (low) atom density, and the vertical scale gives the
vertical extent in space. These data represent absorption images taken for 14 ms of outcoupling, and
different coupling strengths. Each column of pixels corresponds to a single absorption image that has been
integrated (summed) in the direction perpendicular to propagation of the atom laser beam. Hence, each
column represents the linear atomic density in the vertical direction for a different coupling strength. In the
left most columns, a smooth continuous beam is visible for low coupling strengths. As coupling strength is
increased, atom laser shutdown can be seen in the form complex density profiles at intermediate coupling
strength, and then the clear effect of the dressed states at the highest coupling strengths (right most
columns).
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Quantum dynamics and entanglement in Bose-Einstein condensates
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This project considers situations in which beyond mean-field effects are important in the dynamics
of Bose gases even at zero temperature. Typically we make use of the truncated Wigner method
for solving the quantum evolution of a Bose-condensed gas [1]. The inclusion of quantum noise
in the initial conditions means that the technique can incorporate quantum corrections to the
classical field dynamics.

1. We have analysed the presence of non-

classical correlations in a realistic 3D BEC 1 [ 1T=0
double-well experiment [2] at finite temperatures — — — Thermalised
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