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Foreword

This volume offers an exhilarating journey to a compelling frontier of molecular
physics. It is a special pleasure to applaud the authors and editors. Intrepid explorers
of the frontier, they are also adept guides for both recruits and curious visitors. The
result is a lucid and lively evangelical survey of seminal results, experimental and
theoretical methods, prospects and challenges. My benediction will simply touch on
some kinships, past or future, with more civilized fields.

Any physical chemist of my vintage is delighted to see molecules now ardently
embraced by physicists. The oft-quoted dictum: “A diatomic molecule has one atom
too many” has been disavowed. The new converts to molecular physics are emulating
illustrious ancestors from early decades of the 20th century, who found that molecules
presented challenging questions for the then fledgling quantum theory. Today, much of
the “hot” appeal of molecules in the “cold” (<1 K) and “ultracold” (<10−3 K) regimes
does not stem from attaining low temperatures as such. Rather, a chief aim is to gain
access to dramatic quantum phenomena that emerge when de Broglie wavelengths
become comparable to or longer than the size or the separation of molecules.

This key issue of wavelength versus interaction range was first exemplified over
80 years ago in the celebrated prediction of Bose–Einstein condensation (BEC).
However, it soon after also became prominent in nuclear physics. For collisions
of protons or neutrons at kinetic energy of ∼1 MeV (equivalent to ∼1010 K), the
de Broglie wavelength (∼30 × 10−13 cm) is considerably longer than the range of
nuclear forces. Consequently, s-wave scattering, resonances, and tunneling became
major features in probing nuclear physics. That may soon become so for molecular
physics too, although it has proved much more difficult to reach the corresponding
long wavelength realm.

On entering that realm, molecular physicists will enjoy some great advantages
over their nuclear predecessors. Both intramolecular and intermolecular interactions
can be strongly influenced by applying external electric or magnetic fields. Also, for
molecules, coherent excitation processes induced by laser light provide another par-
ticularly powerful tool. Moreover, at least for prototype systems, molecular theory
and electronic structure calculations often can offer guidance in design and interpre-
tation of experiments.

The “hot” appeal of the cold and ultracold molecular regimes has another fun-
damental aspect. Attaining these regimes requires liberation from thermodynamics.
BEC was long presumed to be attainable only for liquid helium. It was expected
that, before the temperature and density required to form a degenerate quantum gas
could be reached, thermodynamics would impose the mundane process of ordinary
condensation. Now BEC has been obtained at or below 10−6 K for many atomic and
a few molecular vapors. That required finding pathways along which the kinetics
becomes much too slow to reach equilibrium states. This is the same principle gov-
erning much of conventional chemical synthesis. Hordes of organic molecules, many
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crucial for biology, are thermodynamically unstable but are made by exploiting kinet-
ically dominated pathways. This also must be how sizable organic molecules appear
in the interstellar medium, despite the low cosmic abundance of carbon. Viewed in
this context, cold molecule research may embolden even pragmatic chemists to seek
more extreme means to evade thermodynamics.

Many among the wide range of techniques and concepts found in this monograph
have roots entwined with the pioneering molecular beam work conducted by Otto
Stern. As Einstein’s first postdoctoral fellow, Stern acquired a taste for Gedanken
experiments, later fulfilled in his laboratory. In his day, “beams” probably would
have seemed a misleadingly robust term. Rather, he spoke of “molecular rays.” That
now seems prescient in an era striving for long de Broglie wavelengths. In the preface
for a 1931 book by Fraser titled Molecular Rays, Stern emphasized the characteristics
of the method as “Its directness and (in principle at least) its primitiveness.” For the
present volume, equally apt is his praise of “… that beauty and peculiar charm which
so firmly captivates physicists working in this field.”

Dudley Herschbach
Cambridge, Massachusetts
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COLD MOLECULES ARE HOT

This monograph was prompted by the need for a comprehensive and comprehensible
account of the research that has been amassed on translationally (and otherwise)
cold molecules. Having started, in the mid-1990s, as a challenge to a handful of
enthusiasts who sought to widen the range of cold-matter research to include gaseous
molecules, the venture picked up speed quickly and underwent a strongly nonlinear
growth. Today, nearly forty research groups worldwide are engaged in cold molecule
research, and produce more than 100 papers annually.

The leading protagonists of the field, in the midst of many mutual encounters and
interactions, are now meeting on the pages of this monograph to jointly survey the
state of the art of their field. It was the task of the coeditors to help to present their
material in a consistent and concise manner. The hope of all of us involved in bringing
this monograph to life has been that it will serve as a text- or handbook to students
entering the field and weathered researchers alike, and will help to foster their identity
within academic institutions and the physics and chemistry communities at large.

Cold molecule research owes much of its original inspiration to the field of cold
atoms. However, it pursued its own aims. Molecules are not only more complicated
than atoms, but in some respects also more interesting: apart from possessing vibra-
tional and rotational degrees of freedom, molecules may carry dipole (and higher)
electric and magnetic moments. These moments lend properties to molecules on
which new operational principles can be based (e.g., quantum computing) or that
may allow researchers to investigate novel physics (e.g., quantum degenerate dipolar
systems, whose scope is currently limited to the quantum gas of chromium atoms).
This introduction is a preview of what the chapters in this monograph have to offer.

The methods for producing translationally cold (<1 K) molecules can be generally
divided into two categories: direct and indirect ones. The indirect methods rely on
linking together ultracold (<1 mK) atoms through magnetically tunable Feshbach
resonances (magnetoassociation) or by photoassociation. The molecules that ensue
are translationally as ultracold as the atoms they were formed from.

The direct methods slow or select preexisting molecules. This is effected either by
decelerating a supersonic molecular beam by time-dependent electric, magnetic, or
radiative fields or by selecting out a slow fraction of a molecular ensemble. Preexisting
molecules can also be sympathetically cooled in a buffer gas of precooled atoms. Once
slowed/cooled down to the cold regime, the preexisting molecules can be subject to
further sympathetic cooling via a thermal contact with an ultracold gas of atoms or,
if the molecules were confined in a trap, to evaporative cooling.
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We note that, of the above, a phase-space density increase is concomitant only with
the processes of sympathetic and evaporative cooling. In all other cases, phase-space
density remains at most constant. A drop in phase-space density takes the gaseous
sample further away from quantum degeneracy.

COLLISIONS OF COLD AND ULTRACOLD MOLECULES

When hot molecules are placed in a bath of cold atoms, their translational energy is
quenched by elastic collisions with the buffer-gas atoms. The evaporative cooling is
likewise based on elastic collisions leading to energy transport and reequilibration of
the translational temperature of a molecular ensemble as the trap depth is gradually
reduced. If the molecules are initially prepared in metastable excited states, they may
undergo inelastic and reactive as well as elastic collisions. Inelastic and reactive col-
lisions release energy and accelerate the colliding particles. This results in trap loss.
Because the density of molecules is usually the largest near the center of a trap, where
the temperature is the coldest, collisional trap loss removes some of the coldest atoms
and molecules and leads to heating. Ideally, a cooling experiment should begin with
an ensemble of molecules prepared in the absolute ground state to avoid inelastic
collisions and their deleterious effects. However, this is most often not feasible. Elec-
trostatic and magnetic traps widely used to isolate molecular gases from the thermal
environment confine molecules in excited Zeeman and Stark states. Molecules gen-
erated by linking ultracold atoms are normally produced in highly excited vibrational
states. In order to establish the possibility of cooling specific molecules to ultracold
temperatures, it is therefore critically important to understand the efficiency of elastic
scattering and inelastic and reactive collisions of these molecules at cold and ultracold
temperatures.

Theoretical analysis of molecular collisions at low temperatures has played an
important role in the development of the research field of cold molecules. In partic-
ular, quantum-mechanical calculations carried out in the early days of cold molecule
research demonstrated that rovibrationally inelastic collisions and chemical reactions
of molecules at ultracold temperatures may be very fast. Theoretical work showed
that collision-induced Stark relaxation of molecules confined in an electrostatic trap
is prohibitively fast but molecules in magnetic traps may be more stable against colli-
sional trap loss. Quantum-mechanical calculations had elucidated the mechanisms of
inelastic collisions of molecules in electrostatic and magnetic traps and demonstrated
that collisional properties of cold and ultracold molecules can be effectively tuned
by external fields. This work identified a range of molecules that may be amenable
to collisional cooling in magnetic traps and stimulated the development of new traps
that could confine molecules in the absolute ground state. These and other results of
the theoretical work on molecular collisions at cold and ultracold temperatures are
described in Chapters 1 to 4 of this monograph.

To set the stage for further dispositions, Jeremy Hutson describes in Chapter 1
(entitled “Theory of Cold Atomic and Molecular Collisions”) the basic theory
of atomic and molecular scattering at low temperatures. This chapter introduces the
concepts of the cross-section, the rate coefficient, and the scattering length, and
describes the main ingredients of quantum collision theory. It is shown that the
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scattering wavefunctions and the bound-state wavefunctions can be obtained from
the calculations based on the same principles and numerical methods. A particular
emphasis is placed on the extension of the collision theory to molecular scattering
in the presence of external fields and the discussion of scattering resonances that
can be tuned by external fields. These scattering resonances can be used to vary the
interaction properties of ultracold molecules, which may be necessary for a number
of applications of ultracold molecules discussed in further chapters.

A major thrust of recent experimental work has been to create ultracold polar
molecules, as ultracold dipolar gases offer exciting opportunities for new funda-
mental discoveries. More than ten research groups demonstrated the possibility
of creating ultracold polar molecules by photoassociation of ultracold alkali-metal
atoms. Chapter 2 (“Electric Dipoles at Ultralow Temperatures”), written by John
Bohn, presents a comprehensive and rigorous discussion of classical and quantum-
mechanical dipoles. With meticulous attention to detail, this chapter describes the
effects of molecular structure such as the presence of the rotational angular momen-
tum, the electron spin, or Λ-doubling on interactions between molecular dipoles. The
discussion is conveniently formulated in terms of spherical tensors, which makes the
mathematical expressions for the matrix elements of the dipole–dipole interaction
operator elegant and transparent.

Chapter 3 (“Inelastic Collisions and Chemical Reactions of Molecules at Ultra-
cold Temperatures”), written by Goulven Quéméner, Naduvalath Balakrishnan,
and Alexander Dalgarno, is a comprehensive account of recent theoretical work on
rovibrationally inelastic and reactive scattering of molecules at cold and ultracold
temperatures. The chapter includes a compilation of zero-temperature rate constants
for inelastic and reactive collisions of various molecules. The authors describe both
neutral and ionic systems and collision processes involving atom–molecule and
molecule–molecule scattering. This chapter contains 25 diagrams illustrating vari-
ous physical phenomena such as near-resonant energy transfer in cold collisions, the
effect of near-threshold virtual states on chemical reactivity of ultracold molecules,
threshold collision laws, Feshbach and shape resonances, and the effects of rota-
tional degrees of freedom on vibrational relaxation of cold and ultracold molecules.
The authors analyze tunneling-dominated chemical reactions and insertion chemical
reactions that occur without an activation barrier and discuss the challenges for the
theory of ultracold chemical dynamics.

Controlling chemical reactions with electromagnetic fields has been a long-sought
goal of researchers. External field control of chemical reactions will not only allow
chemists to selectively produce desired species, but will also reveal the mechanisms of
chemical reactions, yield information on interactions determining chemical reactions,
and elucidate the role of nonadiabatic and relativistic effects in chemical dynamics.
External control of bimolecular reactions is, however, complicated by thermal motion
of molecules, which randomizes molecular encounters and diminishes the effects of
external fields on molecular collisions. The effects of the thermal motion can be
reduced by cooling molecular gases to low temperatures. Electromagnetic fields may
influence molecular collisions significantly only when the translational energy of
the molecules is smaller than the perturbations due to interactions with the external
fields. Static magnetic and electric fields (up to 5 T and 200 kV/cm, respectively),
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as well as off-resonant laser fields (1012 W/cm2) readily available in the laboratory,
shift molecular energy levels by up to a few Kelvin. As a result, external field control
of gas-phase molecular dynamics may be most easily achieved at cold and ultracold
temperatures less than 1 K. In Chapter 4, entitled “Effects of External Electromag-
netic Fields on Collisions of Molecules at Low Temperatures,” Timur Tscherbul
and Roman Krems discuss the effects of external fields on the dynamics of molec-
ular collisions at cold and ultracold temperatures and outline the prospects for new
discoveries in the research of molecule–field interactions at low temperatures.

The first part of Chapter 4 focuses on collision-induced Zeeman and Stark relax-
ation relevant for molecular cooling experiments, the discussion of tunable shape
and Feshbach resonances, and the scattering of molecular dipoles in an electric field.
The results presented exemplify what is described in general terms in Chapters 1
and 2. The second part of this chapter describes new mechanisms for external field
control of atom–molecule and intermolecular interactions by combined electric and
magnetic fields. Here, the authors discuss the effects of electric fields on collisions of
magnetically aligned molecules, collisions in nonparallel electric and magnetic fields,
and differential scattering of cold molecules in electric fields. In the third part of the
chapter, the authors discuss inelastic and chemically reactive collisions of ultracold
molecules confined by laser fields to move in quasi-two-dimensional geometry. The
experiments with such systems may probe the effects of external space symmetry on
binary interactions of molecules and the role of long-range intermolecular interac-
tions in determining chemical reactivity of ultracold molecules. Chapter 4 concludes
with a discussion of prospects for cold controlled chemistry.

PHOTOASSOCIATION OF ULTRACOLD ATOMS

The formation of ultracold molecules starting with readily produced ultracold atoms
is an attractive and relatively simple method for obtaining such molecules. There are
two widely employed methods for such formation: photoassociation (discussed in this
section) and magnetoassociation by tuning a magnetic field to convert a Feshbach
resonance between two colliding atoms into a very weakly bound molecular level
(discussed in the next section).

Chapter 5 by William Stwalley, Phillip Gould, and Edward Eyler, entitled
“Ultracold Molecule Formation by Photoassociation,” provides an overview of exper-
imental results and their theoretical interpretation. After a brief introduction to the
various approaches to formation of ultracold molecules, the process of photoasso-
ciation itself is introduced as an important component of atomic line broadening,
especially on the wings of an atomic line. However, at room temperature and above,
a broadened atomic line has relatively little information content because of the wide
range of collision energies and angular momenta of collisions contributing to the
lineshape. This is in stark contrast to photoassociation of ultracold atoms, typically at
100 μK, where only a few angular momenta of collision lead to penetration to short
distances where photoassociation at significant detunings from atomic resonance can
occur. This ultracold photoassociation leads to sharp line-like spectra, where the
observed lines correspond to transitions from a colliding pair of ground-state atoms
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to excited molecular rovibronic levels with specific quantum numbers for each line;
that is, very nearly a bound–bound molecular electronic spectrum.

Photoassociation of like atoms to form homonuclear molecules, emphasizing the
widely studied alkali metals, is treated first. The simple one-color experiments are
described in detail, including the variety of techniques used for detection: trap loss
(decrease in atomic fluoresence), direct detection of excited molecule ionization,
detection of fragments by resonance-enhanced multiphoton ionization, and detection
of ground or metastable molecules (formed by decay of the upper photoassociation
level) by resonance-enhanced multiphoton ionization.

Two-color experiments are discussed, both the ladder scheme for reaching highly
excited states and the lambda (Raman) scheme for reaching bound molecular levels
correlating with two ground-state atoms. The latter scheme is, of course, relevant for
forming molecules in the ground or lowest metastable electronic state (the X and the
a states for the alkali-metal dimers). Chapters 7 and 8 of this monograph use ultrafast
lasers for this lambda scheme, as opposed to the cw lasers used in the experiments
described in Chapter 5.

Photoassociation of unlike atoms to form heteronuclear molecules (with dipole
moments) is treated next, with emphasis on the extensively studied case of KRb.
The differences between like and unlike atom photoassociation is then discussed in
some detail.

Next, the promise of atom–molecule and molecule–molecule photoassociation
(not yet experimentally realized) is briefly mentioned. The rapidly expanding fields
of photoassociation in a quantum degenerate gas, in an electomagnetic field, and in
an optical lattice are briefly discussed as a partial introduction to later chapters.

The characterization of the X and a state levels of homonuclear and heteronuclear
alkali dimer molecules formed by decay of the upper levels formed by photoasso-
ciation is discussed next. Resonance-enhanced multiphoton ionization is shown to
be a powerful technique for establishing the population of vibrational levels formed
in the X and a states near the dissociation limit. A new ion depletion technique for
observing rotational and hyperfine structure as well for these levels near dissociation
is also discussed. To reach lower levels, especially in the ground X state, it is useful
to select specific photoassociation approaches such as double minimum excited-state
potentials, resonant coupling of two (or more) excited state potentials, and stimulated
Raman transfer from levels near dissociation to low levels (e.g., the collisionally stable
v = 0, J = 0 level).

Finally connections to ultracold molecular ions, to tests of fundamental laws,
to quantum computing with ultracold polar molecules, to ultracold collisions and
chemistry, and to more speculative areas are mentioned.

Chapter 6 by Paul Julienne, entitled “Molecular States Near a Collision Thresh-
old,” provides a thorough introduction to the region near dissociation dominated
by long-range forces. It provides, on the one hand, a connection to the collision
dynamics discussions of Chapters 1–4 and, on the other hand, to the photoassociation
of Chapters 5–8 and the magnetoassociation (Feshbach molecules) of Chapters 9–11.
Of particular interest is the elegant long-range scaling of properties for both collisions
at ultracold energies and of bound vibrational levels just below dissociation (long-
range molecules) for the case of a single internuclear potential energy curve. The case
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of multiple interacting potentials is then introduced and the resulting modifications
of the formalism discussed.

Chapter 7 by Eliane Luc-Koenig and Francoise Masnou-Seeuws, entitled
“Prospects for Control of Ultracold Molecule Formation via Photoassociation with
Chirped Laser Pulses,” provides an intriguing set of case studies on the theme “where
ultrafast meets ultracold.” A series of calculations are described for two-color lambda
ultrafast photoassociation of the cesium dimer into the a state via the long-range well
of a double minimum state. With an emphasis on developing some physical intuition
concerning ultrafast photoassociation, the authors develop insightful concepts such
as resonance window, photoassociation window, dynamical hole, momentum kick,
compression effect, and integrated mass current to understand as well as present their
interesting results.

Chapter 8 by Evgeny Shapiro and Moshe Shapiro, entitled “Adiabatic Raman
Photoassociation with Shaped Laser Pulses,” provides an interesting complementary
approach to the ultrafast/ultracold two-color photoassociation scheme. They study the
Raman adiabatic passage of an incoming wavepacket of two colliding atoms to form
a translationally ultracold diatomic molecule. This wavepacket approach provides an
interesting alternative to the theory described in the previous chapter. In addition, the
authors of Chapter 8 pursue both analytical theory and numerical simulations for KRb
and Rb2, which shows how a photoassociation measurement can be used to probe the
wavefunction of the colliding atoms.

FEW- AND MANY-BODY PHYSICS WITH COLD MOLECULES

Recent theoretical work has shown that ultracold molecules trapped in optical lat-
tices can be used to simulate condensed-matter systems, engineer novel phases with
topological order, and explore many-body interactions. Polar molecules in external
field traps may form chains, which can be used to study rheological phenomena with
nonclassical behavior. The creation of a Bose–Einstein condensate of molecules may
enable the study of Bose-enhanced chemistry and the effects of symmetry breaking
on chemical interactions at ultracold temperatures. The realization of these proposals
as well as the creation of dense ensembles of ultracold molecules depends critically
on the possibility of controlling the scattering length of molecules by external electro-
magnetic fields. The prediction and observation of magnetic Feshbach resonances in
atomic collisions opened the door to many groundbreaking experiments with ultracold
gases such as the realization of the BEC–BCS crossover, the observation of quantum
phase transitions, and the creation of ultracold molecules using time-varying magnetic
fields. Extension of this work to molecular collisions may similarly lead to the devel-
opment of new research fields such as cold controlled chemistry, quantum coherent
control, and quantum condensed-matter physics with molecular condensates.

Chapter 9, “Ultracold Feshbach Molecules,” written by Francesca Ferlaino,
Steven Knoop, and Rudolf Grimm, introduces the concept of magnetically tunable
Feshbach resonances and describes the experimental techniques for the creation of
ultracold atomic gases, making ultracold molecules by tuning Feshbach resonances,
removing the atoms from ultracold atom–molecule mixtures in order to produce a pure
molecular gas, and using avoided crossings induced by magnetic dipole–dipole and
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spin–orbit interactions to prepare molecular samples in specific quantum states. The
authors describe the fascinating observation of Stückelberg oscillations in an ultracold
gas of molecules and how tuning the scattering length of ultracold atoms via Feshbach
resonances can be used to study few- and many-body physics of ultracold systems. In
particular, they describe the experimental studies of Efimov trimer states, molecular
Bose–Einstein condensates and many-body physics in atomic Fermi gases. A major
thrust of recent experimental research has been to produce ultracold molecules in the
absolute ground state by combining ultracold atoms. This has been a daunting task.
At the end of Chapter 9, the authors describe the results of a successful experiment
yielding ultracold molecules in the absolute ground state.

The creation and Bose–Einstein condensation of weakly bound diatomic molecules
of fermionic atoms is perhaps one of the most important results of cold atom physics.
Molecules produced by tuning interatomic interactions using Feshbach resonances
are the largest diatomic molecules obtained so far, with a size of the order of thou-
sands of Ångströms. They represent novel composite bosons, which exhibit features
of Fermi statistics at short intermolecular distances. While highly excited, these
molecules are remarkably stable with respect to collisional relaxation. This is a con-
sequence of the Pauli exclusion principle for identical fermionic atoms. Chapter 10
by Dmitry Petrov, Christophe Salomon, and Georgy Shlyapnikov, entitled
“Molecular Regimes in Ultracold Fermi Gases,” introduces theories to describe the
physics of molecular regimes in two-component Fermi gases and Fermi–Fermi mix-
tures. The authors discuss elastic and inelastic collisions of these extended molecules
and demonstrate the effects of quantum statistics on interactions of weakly-bound
molecules in a molecular Bose–Einstein condensate. For heteronuclear systems, they
introduce a model based on the Born–Oppenheimer approximation separating the
motion of light and heavy atoms. The model is used for an elegant description of
the Efimov states. At the conclusion of the chapter, the authors extend their theory
to many-body systems of heavy and light fermions and demonstrate that significant
long-range repulsions between weakly-bound molecules may lead to the spontaneous
formation of a molecular crystalline phase.

Building on the discussion of Chapter 1 and complementing the discussions of
Chapters 9 and 10, Chapter 11, “Theory of Ultracold Feshbach Molecules,” written
by Thomas Hanna, Hugo Martay and Thorsten Köhler, is a concise description of
the microsopic theory of Feshbach molecules. The authors describe the role of atomic
hyperfine interactions and the interatomic interactions in determining Feshbach res-
onances and how Feshbach resonances modify the interaction properties of ultracold
atoms. They present the classification of Feshbach resonances and distinguish open-
channel-dominated and closed-channel-dominated resonances. As the different types
of resonances give rise to different properties of Feshbach molecules, the discussion of
this chapter is important for the understanding of how tuning microscopic interaction
parameters with magnetic fields modifies the macrosopic properties of an ultracold
quantum gas.

The creation of low-dimensional quantum gases has opened up exciting possibil-
ities for new research with ultracold atoms and molecules on problems in several
different areas of physics. Bose and Fermi gases exhibit unusual properties in two
dimensions, and confining ultracold atoms in two-dimensions may result in interesting
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decoherence dynamics of quantum gases. Low-dimensional quantum systems may
be used as controllable models for a variety of phenomena in condensed-matter
physics. For example, polar molecules confined in two dimensions may repel each
other at long range, which leads to the formation of self-organizing crystals at ultra-
cold temperatures and to the possibility of designing various spin lattice models.
This is the focus of Chapter 12 by Guido Pupillo, Andrea Micheli, Hans-Peter
Büchler, and Peter Zoller, entitled “Condensed Matter Physics with Cold Polar
Molecules.” The chapter opens with an overview of many-body systems of strongly
interacting polar molecules placed in external microwave and dc electric fields. The
authors show that the polarization of laser fields, the strength of dc fields, and the
number of laser-field couplings can all be used to tune the long-range interactions
between polar molecules and generate purely repulsive, step-like or strongly attrac-
tive potentials. This can be used to engineer strongly correlated quantum phases
in a two-dimensional crystal of molecules. This system can also be used to realize
effective lattice models with interparticle interactions described by exotic Hubbard
Hamiltonians. Hubbard Hamiltonians are model Hamiltonians designed to describe
low-energy physics of interacting fermions or bosons on a lattice. The authors show
that internal degrees of freedom in ultracold molecules combined with the tunability of
the many-body system of polar molecules in two dimensions may allow researchers
to construct a complete toolbox for the simulation of any permutation-symmetric
lattice spin model. At the conclusion of the chapter, the authors describe a setup
that allows them to engineer many-body systems of ultracold polar molecules in
which the two-body interactions are canceled and the dominant interaction is deter-
mined by three-body effects. This exotic system may find intriguing applications in
condensed-matter physics.

COOLING AND TRAPPING OF PREEXISTING MOLECULES

The workhorse of cold-atom physics, laser cooling, is inapplicable to most molecules
(if to any at all). Necessity proved to be a mother of invention: a host of techniques,
based on new principles independent of laser cooling, have been developed that make
it possible to cool preexisting molecules. The swatch of these direct techniques is
variegated and attests to the imagination of their inventors.

The direct methods are currently being pursued by about 20 research groups world-
wide, and are concerned with the development and applications of buffer-gas cooling,
Stark or Zeeman deceleration, deceleration by pulsed optical fields, deceleration via
collisions in crossed molecular beams, supersonic expansion from a counter-rotating
nozzle, or selection of the low-velocity tail of a Maxwell–Boltzmann distribution of
molecules in an effusive beam. All direct methods start with relatively hot molecules
(200 to 1000 K), usually in the source of a supersonic molecular beam. Whereas the
indirect methods are limited to molecules readily formed by photoassociation or mag-
netoassociation (e.g., diatomic molecules), the direct methods are versatile, applicable
to large classes of molecules (e.g., Stark deceleration to all polar molecules; buffer-
gas cooling coupled with magnetic trapping to all paramagnetic molecules) or to any
molecules (all other direct techniques). Buffer-gas cooling and Stark deceleration
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turned out to be the most effective among the direct techniques; each is described in
some detail in a dedicated chapter.

Wes Cambell and John Doyle, in Chapter 13, entitled “Cooling, Trap Load-
ing, and Beam Production Using a Cryogenic Helium Buffer Gas,” survey the feats
accomplished by thermalizing molecules via elastic collisions with a cryogenic He
buffer gas.

Buffer-gas cooling makes it possible to attain a temperature of about 0.5 K, which
is not ultracold. However, a great advantage of the method (apart from its versatility)
is its ability to cool and trap large numbers of molecules. By evaporating a fraction of
the trapped molecules, it should be possible to cool the molecular ensemble further
down toward the ultracold regime (<1 mK). Nevertheless, so far the initial numbers
of trapped molecules and other factors, especially the buffer gas removal, have not
made it possible to effectively apply such an evaporative cooling scheme.

The number of the magnetically trapped molecules depends critically on the tech-
nique of loading the molecules into the buffer gas. Laser ablation can hardly evaporate
more than 108 to 1013 atoms or molecules (with a single pulse). Therefore, a consid-
erable effort has recently been put into developing an alternative technique of loading
molecules into the cryogenic environment. The new technique is based on the use of a
molecular beam made up of the molecules that are to be cooled. The molecular beam
is simultaneously employed to transport the molecules into the cryogenic cell. Thus
far, it has been possible to thermalize 1012 molecules of the NH radical, obtained by
dissociating a pulsed beam of NH3 in an electric discharge.

Unlike an conventional supersonic expansion, the authors show that it is possible
to precool molecules to temperatures well below their boiling point before they are
released through an orifice into a beam. In essence, molecules are cooled inside a
cell held at a temperature of about 1 K by high-density helium and come out of an
orifice in the cell (into a beam). Thus, molecules come out rotationally cold. If the
helium density is high enough, most of the cold molecules inside the cell will exit
into the beam with a forward velocity equal to that of the cold helium gas. This has
been shown to produce very high fluxes of cold molecules, including cold molecular
oxygen injected into a magnetic hexapole guide whose output flux was found to be
in excess of 1012 sec−1.

Bas van de Meerakker, Rick Bethlem, and Gerard Meijer in Chapter 14,
“Slowing, Trapping and Storing of Polar Molecules by Means of Electric Fields,”
describe the techniques of Stark deceleration, dc and ac trapping, and storage of polar
molecules using inhomogeneous electric fields.

The authors first show that the technique of Stark deceleration (or acceleration)
makes it possible not only to arbitrarily vary the velocity of polar molecules but
also to select the molecules’ internal state (electronic, vibrational, and rotational) and
orientation. The method thus allows for a complete control of molecules. The method
makes use of a time-dependent inhomogeneous electric field, by means of which
the Stark energy of polar molecules is altered. Stark energy represents the potential
energy of molecules in an electric field. Its change is compensated for by a change in
the kinetic translational energy of the molecules, as dictated by energy conservation.
Depending on whether the Stark energy provided is negative or positive, the field
causes either an acceleration or a deceleration along the longitudinal coordinate. In
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order to be able to accelerate/decelerate a pulse of molecules with a distribution of
coordinates and velocities (spatial and velocity spread), the acceleration/deceleration
process must be carried out under the conditions of phase stability. This is discussed
in some detail in the chapter, along with the transverse focusing needed to maintain
the pulse of molecules on course along the longitudinal coordinate.

Sufficiently slow polar molecules in a low-field seeking state can be confined in an
electrostatic (dc) trap—a minimum of Stark energy in free three-dimensional space.
A special case of an electrostatic trap, also discussed in the chapter, is a storage ring,
which provides transverse but not longitudinal confinement for low-field seeking
molecules. It is most simply implemented by bending a transverse focuser, such as a
hexapole, onto itself. The low-field seekers then have a minimum of potential energy
on a circle rather than at a single point. Compared with a trap, a storage ring is
capable of confining molecules without the need to bring them to a standstill first.
The circling packets of molecules can repeatedly interact, at well-defined times and
positions, with electromagnetic fields and/or other atoms or molecules. In order to
counteract the spreading of the packet in the ring—and thus to restore the ability to
define the timing and position of the stored molecules—a storage ring was constructed
consisting of two half-rings separated by a gap. Depending on the switching sequence,
the gap can act as a time-varying inhomogeneous electric field (similar to a single
stage of a Stark decelerator) that accelerates, decelerates, or just transports or bunches
the molecular packet under the conditions of phase stability. The split-ring device thus
represents a molecular analog of a synchrotron for charged particles. Bunching ensures
a high density of the stored molecules and, in addition, enables injecting multiple
packets—either copropagating or counterpropagating—into the ring independent of
the packet(s) already stored.

Trapping of molecules in high-field seeking states is of particular interest, chiefly
because ground-state molecules are always high-field seeking. Since a ground state
cannot decay, molecules trapped via their ground state cannot be lost from the trap
by two-body relaxation processes, which plague trapping via low-field seeking states
in electrostatic or magnetic traps. In the absence of a loss mechanism, ground-state
molecules are expected to be amenable to evaporative or sympathetic cooling. We
note that relaxation losses have been predicted to be particularly severe for polar
molecules in excited rovibrational states. Another reason for developing traps for
high-field seekers is that heavier molecules have small rotational constants (and,
often, large dipole moments) and so become high-field seeking at relatively small
field strengths, thereby precluding the application of large-enough forces required to
trap or otherwise manipulate them. Since creating a maximum of a static field in free
space is prohibited by a consequence of Maxwell’s equations, known as Earnshaw’s
theorem, one has to rely on a trick similar to the one used in a Paul trap for ions: one
generates a static field that has the shape of a saddle surface. Such a field focuses
molecules in one direction and defocuses them in the perpendicular one. By reversing
the polarity of the electrodes that generate the field (i.e., ac switching), the focusing and
defocusing directions can be interchanged. The ac switching between the two field
configurations causes the molecules to undergo an oscillatory micromotion whose
frequency tends to get in step with the switching frequency. Since the force acting on
the molecules increases with distance from the saddle point, the amplitude and thus
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the kinetic energy of the micromotion increases with distance as well. Because the
kinetic energy of the micromotion is positive (as kinetic energy always is), it creates in
effect a potential energy well, with a minimum at the trap center. The positive kinetic
energy of the micromotion is independent of whether the molecules are in a low- or
high-field-seeking state, which makes an ac trap work for either.

It is noteworthy that electrostatic traps are about 1 K deep (depending on the
molecular species and details of the trap design), and have a volume of typically 1 cm3.
An ac electric trap has a depth of about 1 to 10 mK and a volume of about 10−2 cm3.

TESTS OF FUNDAMENTAL PHYSICS WITH COLD MOLECULES

There is a class of experiments in prospect or progress with cold molecules that could
answer questions reaching far beyond the scope of traditional molecular science:
these experiments test some of the fundamental symmetries in physics, such as the
time-reversal symmetry (T), parity (P), and the Pauli principle. These symmetries
are a window into the world of the fundamental forces in nature and thus molecular,
table-top experiments that test them are complementary to the high-energy collisional
experiments.

Particularly promising and interesting is the simultaneous testing of the time-
reversal symmetry and parity in experiments that search for the permanent electric
dipole (EDM) of the electron (and of other elementary particles). A nonzero value
of EDM implies the breaking of both T and P. Since the Standard Model predicts
an unmeasurably small value for the electron EDM, finding a nonzero EDM would
amount to the discovery of physics beyond the Standard Model. Such a discovery
would revolutionize physics.

In Chapter 15, “Preparation and Manipulation of Molecules for Fundamental
Physics Tests,” Michael Tarbutt, Jony Hudson, Ben Sauer, and Ed Hinds show
what the search for the EDM of the electron has to do with cold molecules. From
the experiments carried out so far it is known that the EDM of the electron does not
exceed the value of about 5 × 10−19 D. This is an exceedingly small value, one that
would be found if an electron were expanded to the size of the Earth and deformed
on the poles by a micron! A dipole moment manifests itself through its Stark effect,
that is, by a shift of the energy levels of a system carrying the dipole moment when
the system is subject to an electric field. In order for the Stark shift to be detectable,
the EDM has to be exposed to as large a field as possible. The strongest fields that
one can come by are available inside heavy atoms (where they can reach values of
10 GV/cm, thanks to relativistic effects). Atoms are spherically symmetric, however,
and so before any EDM measurement they need to be oriented in the laboratory frame
(otherwise the dipole moment would average out). But orienting atoms is difficult,
because in doing so one has to rely on their polarizability, which is small. Therefore,
it is of great advantage to add to a given heavy atom another atom, and to carry out the
Stark effect measurement on the polar molecule that thereby ensues! Polar molecules
can be easily oriented. In fact, a Stark decelerator and an electric trap are based on the
ability to orient polar molecules easily in the laboratory frame. The use of cold polar
molecules further enhances the resolution of the measurement. The experiment of
the Hinds group with decelerated YbF molecules already comes close to yielding the
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most accurate value of the electron‘s EDM. An increase of the experimental accuracy
by a single order of magnitude could lead to a rejection or adoption of some of the
alternatives to the Standard Model.

Molecules are beginning to play a key role in another area of fundamental
interest, namely in testing the temporal and spatial variation of the fundamental
constants. Molecular vibration, rotation, hyperfine structure, and other features offer
combinations of the fundamental constants that are not available with atoms.

Chapter 16, “Variation of the Fundamental Constants as Revealed by Molecules:
Astrophysical Observations and Laboratory Experiments,” by Victor Flambaum
and Mikhail Kozlov, describes the application of precision molecular spectroscopy
to the study of a possible variation of the fundamental constants. The authors show
that molecular spectra are mostly sensitive to two dimensionless constants, namely the
fine-structure constant and the electron-to-proton mass ratio. The chapter discusses the
results which follow from the astrophysical observations of the optical and microwave
spectra of molecules, as well as possible laboratory experiments with molecules.
Although the accuracy of the laboratory results cannot yet compete with that of the
astrophysical observations, there are significantly improved experiments in progress
that are likely to reverse this situation soon. The ideas behind these experiments and
the preliminary experimental results so far obtained are discussed in detail.

The authors show that the sensitivity for the variation of the fine-structure constant
is particularly large for narrow, quasidegenerate levels of diatomic molecules. Such
levels may come about due to a quasidegeneracy of either hyperfine and rotational
levels, or between the fine and vibrational levels within the molecular electronic
ground state. The transitions between the quasidegenerate levels correspond to
microwave frequencies, which are experimentally accessible, and have narrow
linewidths, typically ∼10−2 Hz. The sensitivity of the relative variation (frequency-
to-frequency variation ratio) can exceed 105 in such cases.

QUANTUM COMPUTING WITH COLD MOLECULES

Already atomic systems such as charged ions and neutral atoms have been shown to
be attractive candidates for physical realization of quantum computation, in view of
their exceptionally long coherence times and well-developed techniques for cooling
and trapping. The main conceptual problems are associated with designing fast and
robust multiatom operations for quantum entanglement as well as with scaling these
systems to large numbers of qubits. Susanne Yelin, Dave DeMille, and Robin Cote
show in Chapter 17, entitled “Quantum Information Processing with Ultracold Polar
Molecules,” that ultracold polar molecules are a potentially superior candidate for
the realization of quantum bits in a scalable quantum computer. Polar molecules
combine the key advantages of neutral atoms and ions while featuring similarly long
coherence times. In particular, large ensembles of cold molecules can be trapped and
cooled similarly to neutral atoms, but they can then be manipulated individually using
electric fields in analogy with ions.

The first proposed complete scheme for quantum computing with polar molecules
took advantage of the first feature, but not the second. It was based on an ensemble
of ultracold polar molecules trapped in a one-dimensional optical lattice, combined



“59033_C000.tex” — page xxv[#25] 18/5/2009 14:30

A Guided Tour of the Monograph xxv

with an inhomogeneous electric field. The requisite entanglement is achieved via
the interaction among the dipoles, each of which represents a qubit. Such qubits
are individually addressable, thanks to the Stark effect, which is different for each
molecule in the inhomogeneous electric field.

A subsequent proposal showed that it may be possible to couple polar molecules
into a quantum circuit using superconducting wires. The capacitive, electrodynamic
coupling to transmission line resonators was proposed in analogy with coupling to
Rydberg atoms and Cooper pair boxes. The key feature of molecules is their RF fre-
quency rotational transitions, nicely compatible with microwave circuitry. Coupling
individual molecules to microwave strip-lines is advantageous for several reasons.
First, it allows for detection of single molecules by remote sensing of transmission line
potentials, as well as for efficient quantum-state readout. Second, the molecules can be
further cooled using a novel method involving microwave spontaneous emission into
on-chip transmission lines. Finally, remotely separated molecules can be coherently
coupled to allow for nonlocal operations. Local gating with electrostatic fields can
be used to achieve an exceptional degree of addressability. Single-bit manipulations
can be accomplished by using local modulated electric fields.

The chapter provides a brief introduction to the field of quantum information
processing and computation, discusses various platforms for implementing quantum
computers, and makes the case for using permanent molecular dipoles as realizations
of individually addressable qubits. A look into the future reveals the contours of a
superconducting microwave resonator of an optical quantum computer enmeshed
with an ensemble of polar molecules.

MUCH OF THE ABOVE WITH COLD MOLECULAR IONS

Chapter 18 by Bernhard Roth and Stephan Schiller, entitled “Sympathetically
Cooled Molecular Ions: From Principles to First Applications,” provides a superb
introduction to the very different techniques used to study cold molecular ions and
of their applications. First the authors provide some background on RF ion traps, ion
cooling, and cold molecular ion production. The chapter focuses on the interpreta-
tion of images of Coulomb clusters formed by fluorescing atomic ions (e.g., alkaline
earth positive ions) interacting with nonfluorescing ions (e.g., HD+ or alkaline earth
hydride positive ions, formed by reaction of hydrogen molecules with alkaline earth
positive ions). The molecular dynamics simulations of Coulomb clusters are com-
pared with the fluorescent images of these same clusters, which allows for a detailed
species and cluster-shape identification as well as for an understanding of the heating
effects. Sympathetic cooling thus emerges as a general and well-understood method
for producing cold molecular ions. Special topics, such as motional resonance cou-
pling and species-selective ion removal follow, before ion-neutral chemical reactions
and polyatomic molecule photofragmentation are discussed. The chapter concludes
with a dream-come-true spectroscopy of the HD+ molecular ion. It is clear that the
field of cold molecular ions represents an area of great opportunity for the pursuits
of the ultracold.
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PROSPECTS

This monograph reviews the past and surveys the present of cold molecule research,
whose spirit, scope and promise all point to a bright future indeed. It is evident already
that the experimental and theoretical research on cold and ultracold molecules has
irreversibly changed atomic, molecular, and optical physics and quantum information
science. Its impact on condensed-matter physics, astrophysics and physical chemistry
is becoming apparent as well.

It is also evident from the material expounded in this volume that the research field
of cold molecules has been marching ahead with big strides. What seemed unfeasible
less than ten years ago (e.g., the creation of ultracold polar molecules in the absolute
ground state by photoassociation, magnetic trapping of dense molecular gases, and
the collision experiments with molecules at ultracold temperatures, among others)
has now been realized by multiple research groups.

The main goal of the cold molecule experiments over the past five years has
been the creation of stable and dense ensembles of ultracold molecules. With this
goal accomplished, at least for some molecular systems, a part of the experimental
effort is now focusing on applications. Ultracold chemistry, molecular Bose–Einstein
condensates, and coherent control of ultracold molecular processes are no longer in
the realm of theory only.

The close interplay between theory and experiment has been instrumental for
the success of cold molecule research. As this research is becoming increasingly
multidisciplinary, the role of theory is shifting toward identifying new applications
of cold and ultracold molecules in a variety of areas of physics and chemistry.

In conclusion, we are pleased to say that the properties of ultracold molecules
and the prospects for diverse applications of ultracold molecular gases seem to have
captured the imagination of the physics and chemistry communities at large. Cold
molecules are enjoying a happy life and their ending is nowhere in sight.

Roman V. Krems, Canada
William C. Stwalley, USA

Bretislav Friedrich, Germany
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