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Matter-wave optics of diatomic molecules

ABSTRACT

The goal of this research was to carry out a theoretical study of the generation and control of quantum-degenerate molecular systems,
including but not limited to dipolar molecules. Major directions includde (a) the controlled association of diatomic as well as more complex
ultracold heteronuclear molecules, such as molecular trimers, into deeply bound states; (b) the study of the coherent dynamics and quantum
control of elementary chemical reactions such as for instance the displacement reaction A + B2 -> AB + B; the study of the ground state and
dynamics of quantum degenerate dipolar gases, in particular dipolar condensates; and (d) the detection, manipulation and quantum control
of condensates using quantum detectors such as ultracold micro- and nano-scale cantilevers, and conversely the manipulation and control of
nano-scale cantilevers by ultracold atomic and molecular systems.
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PROPOSAL NUMBER: 54356
PROPOSAL TITLE: Matter-Wave Optics of Diatomic Molecules
CONTRACT NUMBER: W911NF0810307

This proposal was a continuation of proposal 48298, contract number W911NF0510222, and it concentrated likewise on two
major topics: coherent superchemistry and cavity optomechanics. The major new aspect has been to merge more closely these
two components, in a direction that is now more generally described as “hybrid optomechanics.” Broadly speaking, the rapid
progress witnessed by quantum optomechanics makes it increasingly realistic to consider the use of mechanical systems
operating in the quantum regime to make precise and accurate measurements of feeble forces and fields. In that context the
remarkable potential for functionalization of opto-- and electromechanical devices is particularly attractive. Their motional
degree(s) of freedom can be coupled to a broad range of other physical systems, including photons via radiation pressure from
a reflecting surface, spin(s) via coupling to a magnetic material, electric charges via the interaction with a conducting surface,
etc. In that way, the mechanical element can serve as a universal transducer or intermediary that enables the coupling between
otherwise incompatible systems. This potential for functionalization also suggests that quantum optomechanical systems have
the potential to play an important role in classical and quantum information processing, where transduction between different
information carrying physical systems is crucial.

The following summarizes some of our main results. They are grouped into 3 categories: superchemistry in quantum
degenerate atomic systems; general aspects of quantum optomechanics; and hybrid optomechanical systems. This highlights
the evolution of our research program from the study of relatively simple ultracold atomic and molecular systems to manybody
physics aspects and to exploiting the promise of functionalized hybrid systems involving ultracold atomic and molecular
systems optomechanically coupled to macroscopic mechanical elements.

1. Superchemistry in quantum degenerate atomic and molecular systems

Our work on superchemistry was done largely in collaboration with Dr. Hui Jing, a visiting professor from China. We have
worked out a number of examples that illustrate the importance of quantum coherent effects in controlling chemical reactions
between ultracold atoms and molecules. For example, in one project we demonstrated theoretically that the abstraction
reaction can be driven coherently and efficiently with quantum-degenerate bosonic or fermionic matter waves. We showed
that the initial stages of the reaction are dominated by quantum fluctuations, resulting in the appearance of macroscopic
nonclassical correlations in the final atomic and molecular fields. We also studied the creation of heteronuclear triatomic
molecules, and showed that a constructive triple-path quantum interference effect can lead to an almost ideal conversion rate,
in comparison with the single- or double-path cases. The important effect of the initial population imbalance on the
atom-molecule dark state is also investigated.

A third example considered the two-color photoassociation of a quantum degenerate atomic gas into ground-state diatomic
molecules via a molecular dark state. This process can be described in terms of a level scheme that is formally analogous to
the situation in electromagnetically induced transparency in atomic systems and therefore can result in slow-light propagation.
We showed that the group velocity of the light field depends explicitly on whether the atoms are bosons or fermions, as well as
on the existence or absence of a pairing gap in the case of fermions, so that the measurement of the group velocity realizes a
nondestructive diagnosis of the atomic state and the pairing gap.

We also showed theoretically that it is possible to optically control collective spin-exchange processes in spinor Bose
condensates through virtual photoassociation. The interplay between optically induced spin exchange and spin-dependent
collisions was shown to provide a flexible tool for the control of atomic spin dynamics, including enhanced or inhibited quantum
spin oscillations, the optically induced ferromagnetic-to-antiferromagnetic transition, and coherent matter-wave spin conversion.

2. General issues in optomechanics

While considerable progress has been achieved in quantum optomechanics, both on the experimental and theoretical front, sa
number of questions still remain to be addressed. On the practical side, technical noise remains a major issue, be it laser noise,
clamping noise or thermal noise. With this in mind, we | have worked with an undergraduate student (Greg Phelps) to
investigate theoretically the influence of laser phase noise on the cooling and heating of a generic cavity optomechanical
system. We derivedthe back-action damping and heating rates and the mechanical frequency shift of the
radiation-pressure-driven oscillating mirror, and derived the minimum phonon occupation number for small laser linewidths. We
also explored the regime of parametric amplification where coherent oscillations of the mirror are realizable and found that
heating from laser phase noise is of significance and can cause the onset of instabilities in that situation.



As just mentioned, a dominant hurdle to the operation of optomechanical systems in the quantum regime is the coupling of the
vibrating element to a thermal reservoir via mechanical supports and the associated clamping noise. To address this issue we
proposed a scheme that uses an optical spring to replace the mechanical support. We show within a simplified model that the
resolved-sideband regime of cooling can be reached in a configuration using a high-reflectivity disk mirror held by an optical
tweezer as one of the end mirrors of a Fabry-Perot cavity. However, we now believe that this approach suffers from a number
of practical limitations that may best be addressed by alternative approaches that combine the use of optical trapping with
mechanical tethering, as proposed e.g. by Kimble and coworkers. For this reason, we have now largely abandoned further work
on an all-optical approach.

“Bottom-up” approaches to quantum optomechanics typically use ultracold atoms in high-Q optical resonators as mechanical
elements. This is an approach that has been pursued principally by the experimental groups of D. Stamper-Kurn at Berkeley
and T. Esslinger at ETH Zurich. In a new development along this general line we have investigated the cavity optomechanical
properties of an antiferromagnetic Bose-Einstein condensate, where the role of the mechanical element is played by spin-wave
excitations. That system can be described by a single rotor, and can in principle be prepared deep in the quantum regime under
realizable conditions. This provides a bottom-up realization of dispersive rotational optomechanics, and opens the door to the
direct observation of quantum spin fluctuations.

Another important issue in quantum optomechanics is the characterization of the quantum state of the mechanics. The problem
here is that there are no phonon counters that work at the single quantum level, due in particular to issues with thermal noise at
the relatively low frequencies at which they operate. To address this problem we have proposed a scheme to measure the
quantum state of a nanomechanical oscillator that is an extension of the nonlinear atomic homodyning technique scheme first
developed to measure the intracavity field in a micromaser. This is a hybrid optomechanical system that involves the use of a
detector atom that is simultaneously coupled to the mechanics via a magnetic interaction and to (classical) optical fields via a
Raman transition. We showed that the probability for the atom to be found in the ground state is a direct measure of the Wigner
characteristic function of the nanomechanical oscillator. We also investigated the back-action effect of this destructive
measurement on the state of the resonator.

3. Hybrid systems

This work on state characterization is clear evidence of the importance and power of functionalized hybrid systems, and leads
naturally to our additional work on these systems, where we have considered both the coupling of mechanical elements to
single atoms or molecules and also to quantum-degenerate atomic systems.

In a first study we investigated the coupling of a nanomechanical oscillator in the quantum regime with molecular (electric)
dipoles. We found theoretically that the cantilever can produce single-mode squeezing of the center-of-mass motion of an
isolated trapped molecule and two-mode squeezing of the phonons of an array of molecules. This work opens up the possibility
of manipulating dipolar crystals, which have been recently proposed as quantum memories, and more generally, is indicative of
the promise of nanoscale cantilevers for the quantum detection and control of atomic and molecular systems.

We then turned to quantum degenerate atomic systems, and carried out a theoretical study of a hybrid optomechanical system
consisting of a Bose-Einstein condensate (BEC) trapped inside a single-mode optical cavity with a moving end mirror. In this
arrangement the intracavity light field has a dual role: it excites a momentum side mode of the condensate, and acts as a
nonlinear spring that couples the vibrating mirror to that collective density excitation. Of particular interest is the situation where
the optical cavity is engineered so that a single input beam can result in two radically different stable ground states for the
intracavity gas: superfluid and Mott insulator. Furthermore that system can be used as an adjustable template for investigating
the coupling between cavity fields, nanomechanical systems operating in the quantum regime, and ultracold atomic gases. In a
regime where the intracavity optical field, the mirror, and the side-mode excitation all display bistable behavior. In this regime
we find that the dynamics of the system exhibits Hamiltonian chaos for appropriate initial conditions.

We then extended this work to the situation of ring resonators. In contrast to the more familiar case of a high-Q Fabry-Perot
cavity we found that both symmetric and antisymmetric collective density side modes of the BEC can be mechanically excited.
In the semiclassical, mean-field limit where the light field and the zero-momentum mode of the condensate are treated
classically the system is found to exhibit a rich multistable behavior, including the appearance of isolated branches of solutions
(isolas).

Moving on from bosons to fermions we explored theoretically the optomechanical interaction between a light field and a
mechanical mode of ultracold fermionic atoms inside a Fabry-Perot. We found that the low-lying phonon mode of the fermionic
ensemble is a collective density oscillation associated with particle-hole excitations, and is mathematically analogous to the
momentum side-mode excitations of a bosonic condensate. The mechanical motion of the fermionic particle-hole system



behaves hence likewise as a “moving mirror.” We derived an effective system Hamiltonian that has the form of generic
optomechanical systems. We also discuss the experimental consequences the optomechanical coupling in optical bistability
and in the noise spectrum of the system.
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