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Ultracold matter and chemistry in the extreme quantum regime



12 Nobel prizes to 27 scientists for research of low 
temperature phenomena since 1913

1997 -  for the development of methods to cool and trap 
atoms with laser light 

2001 - for the achievement of Bose-Einstein condensation 
in dilute gases of alkali metal atoms, and for early 

fundamental studies of the properties of the condensates
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More delicate methods: evaporative coolingEvaporative cooling



Cooling below 10-3 K

Molecular BEC?Trapping Evaporation

 Inelastic spin relaxation

Cross section?



Spin relaxation is suppressed
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Why study cold collisions?

• Quantum control of collisions

• Cooling and trapping molecules

• Precision measurements

• Condensed-matter physics

• Chemical stereodynamics

Currently established limit <  5 x 10     Debye
-19

 Charge conjugation   
               Parity = space inversion

Time reversal } CPT Theorem  
  

                             The Sandard Model 

Does the electron have a dipole moment? 

The answer would tell us HOW time reversal is violated
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Wigner’s laws:
elastic cross section ~ constant
reaction cross section ~ 1/velocity
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External �eld control of molecular collisions





“Experimental and theoretical studies of the 
Coherent Control of unimolecular processes 
have seen spectacular growth over the last 
two decades. By contrast, Coherent Control 
of collisional processes remains a significant 
challenge...” 

Paul Brumer, DAMOP 2007, Bulletin of the APS



Thermal gas is difficult to control



Low temperature gas under external fieldE



E BLow temperature gas in superimposed fields













Feshbach resonance
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Electric-field-induced Feshbach resonances in ultracold alkali-metal mixtures

Z. Li and R. V. Krems*
Department of Chemistry, University of British Columbia, Vancouver, British Columbia, Canada V6T 1Z1

!Received 25 November 2006; published 13 March 2007"

We present a detailed analysis of Feshbach resonances in ultracold collisions of Li and Cs atoms in the
presence of superimposed electric and magnetic fields. We show that electric fields induce resonances through
couplings between the s- and p-wave scattering channels and modify the scattering length to a great extent.
Electric-field-induced resonances lead to the anisotropy of ultracold scattering and provide the diagnostics for
magnetic p-wave resonances in ultracold gases. We show that the electric field couplings may shift the
positions of s-wave magnetic resonances, thereby making the electric field control of ultracold atoms possible
even far away from p-wave resonances. Finally, we demonstrate that electric fields may rotate and spin up the
collision complex of ultracold atoms at substantial rates.

DOI: 10.1103/PhysRevA.75.032709 PACS number!s": 34.50.!s, 34.20.Gj

I. INTRODUCTION

The creation of ultracold atoms and molecules has gener-
ated an upheaval in atomic, molecular, and optical physics
#1–8$ and may lead to groundbreaking discoveries in
condensed-matter physics #9–23$, nuclear physics #24–27$,
quantum computation #28–30$, and chemical physics
#31–35$. The development of experimental techniques for the
production of dense ultracold gases is therefore pursued by
many researchers !see #7$ and references therein". Ultracold
gases offer the possibility of controlling atomic and molecu-
lar systems at the single-quantum level, which is exploited in
studies of quantum information processing #28–30$ and co-
herent matter-light interactions #11$. External control of
atomic interactions can be achieved by applying static mag-
netic or resonant laser fields to induce Feshbach scattering
resonances #36–39$. Ultracold atoms and molecules are usu-
ally confined in magnetic or magneto-optical traps, and mag-
netic Feshbach resonances are particularly important for
studies of ultracold gases. They have been used to create
molecular Bose-Einstein condensates !BEC’s" and explore
the dynamics of ultracold correlated systems in the BEC-
BCS crossover regime #13,16$. Collision cross sections of
ultracold atoms and molecules change dramatically as the
magnetic field is varied through a resonance. Feshbach reso-
nances thus provide a mechanism for controlling atomic and
molecular collisions with magnetic fields.

In the present paper, we explore the possibility of induc-
ing Feshbach resonances in ultracold atomic gases with dc
electric fields. Electric fields can be tuned much faster than
magnetic fields, so electric field control of interatomic inter-
actions may prove to be more versatile for quantum informa-
tion processing than magnetic Feshbach resonances. Using
electric fields for inducing scattering resonances may also be
important for experiments with gases in deep magnetic traps
where large field gradients complicate the dynamics of mag-
netic resonances or when magnetic resonances cannot be
tuned in the available interval of magnetic fields. Magnetic
field control of interatomic interactions is limited to para-

magnetic species, so the possibility of inducing scattering
resonances with electric fields may expand the scope of stud-
ies of correlation phenomena in ultracold gases.

Marinescu and You #40$ and Melezhik and Hu #41$ pro-
posed to control interactions in ultracold atomic gases by
polarizing atoms with strong electric fields. The polarization
changes the long-range form of the atom-atom interaction
potential and modifies the scattering cross section in the limit
of zero collision energy. The interaction between an atom
and an electric field is, however, extremely weak, and fields
of as much as 250–700 kV/cm were required to alter the
elastic scattering cross section of ultracold atoms in these
calculations. We have recently proposed an alternative
mechanism for electric field control of ultracold atom inter-
actions #42$ and demonstrated that collisions and interactions
in binary mixtures of ultracold atoms can be effectively ma-
nipulated by electric fields below 100 kV/cm. The mecha-
nism of electric field control is based on the interaction of the
instantaneous dipole moment of the collision pair with exter-
nal electric fields. The duration of an ultracold collision is so
long that this interaction, while insignificant in thermal
gases, may dramatically change the dynamics of atomic col-
lisions at temperatures near absolute zero.

This is an extension of our preceding Letter #42$. To elu-
cidate the possibility of inducing Feshbach resonances with
electric fields, we study the collision dynamics in a binary
mixture of ultracold Li and Cs atoms. Ultracold mixtures of
Li and Cs gases have been recently created by Mudrich et al.
#43,44$ in order to produce ultracold polar LiCs molecules
#45$, and accurate interaction potentials for the LiCs mol-
ecule have been derived from high-precision spectroscopy
measurements #46$. We use the interaction potentials of
Staanum et al. #46$ to calculate the positions and widths of
magnetic Feshbach resonances that may be used to link ul-
tracold atoms together for the creation of ultracold molecules
either directly #43–45$ or by enhancing the probability of
photoassociation #47$. We then show that applying superim-
posed magnetic and electric fields may result in three-state
Feshbach resonances tunable by electric fields. We explore
the main features of such resonances. In particular, we show
that the positions of the electric-field-induced resonances de-
pend on the strength of the electric field and demonstrate that
electric fields may modify the magnetic Feshbach reso-*Electronic address: rkrems@chem.ubc.ca

PHYSICAL REVIEW A 75, 032709 !2007"

1050-2947/2007/75!3"/032709!8" ©2007 The American Physical Society032709-1

Total Control over Ultracold Interactions via Electric and Magnetic Fields

Bout Marcelis, Boudewijn Verhaar, and Servaas Kokkelmans
Eindhoven University of Technology, P.O. Box 513, 5600 MB Eindhoven, The Netherlands

(Received 3 October 2007; published 18 April 2008)

The scattering length is commonly used to characterize the strength of ultracold atomic interactions,
since it is the leading parameter in the low-energy expansion of the scattering phase shift. Its value can be
modified via a magnetic field, by using a Feshbach resonance. However, the effective range term, which is
the second parameter in the phase shift expansion, determines the width of the resonance and gives rise to
important properties of ultracold gases. Independent control over this parameter is not possible by using a
magnetic field only. We demonstrate that a combination of magnetic and electric fields can be used to get
independent control over both parameters, which leads to full control over elastic ultracold interactions.

DOI: 10.1103/PhysRevLett.100.153201 PACS numbers: 34.50.!s, 33.40.+f, 34.20.Cf

Cold atomic gases with resonant interactions are ex-
tremely versatile systems. They allow for the experimental
realization of a variety of fundamental models from con-
densed matter or high energy physics, and can go well
beyond the basics of those models. Illustrative examples
are the experiments on the crossover between BCS- and
BEC-type superfluidity with fermionic gases [1–7], and the
experimental signature of the long-sought three-body
Efimov trimer states with bosonic gases [8]. Also, mixtures
of fermionic and bosonic atoms lead to interesting possi-
bilities: heteronuclear molecules can be created with an-
isotropic interactions, for which new quantum phases have
been predicted [9–12].

Key to these exciting developments is the ability to
precisely control the interatomic interactions in ultracold
alkali-metal gases. Magnetic field induced Feshbach reso-
nances [13] have been the indispensable tool providing
experimental control of the strength of the interactions.
The low-energy interactions are characterized by the
s-wave scattering length and can be tuned from weak to
strong and from repulsive to attractive by simply changing
the magnetic field. Magnetic field sweeps over a Feshbach
resonance have been used to create ultracold molecules
[14–17].

The width of the Feshbach resonance is an important
parameter that is directly related to the energy dependence
of the interactions. In the case of a broad resonance, the
scattering length can be used to describe the system at all
relevant energy scales, leading to universal behavior [18–
21]. However, in the case of a narrow Feshbach resonance
the microscopic physics underlying the resonance can give
rise to nontrivial energy dependence and additional scat-
tering parameters are needed to describe the system [22–
25]. The energy dependence of the interaction strength
may lead to interesting new physics such as the localisation
of Efimov states [26], phononlike induced superfluidity
in fermionic gases [27], as well as a clearly distinct
Higgs mode in the excitation spectrum of superfluid fer-
mions [28].

A second way of tuning the low-energy properties of
these systems is to apply a dc electric field [29–32]. The
electric field polarizes the colliding atoms and induces an
electric dipole-dipole interaction. This anistropic interac-
tion couples states of different orbital angular momentum.
The coupling can give rise to potential or Feshbach reso-
nances in the s-wave scattering length at particular electric
field values.

In the presence of either an electric or a magnetic field,
the zero-energy scattering length is the only parameter that
can be independently tuned. However, we demonstrate that
for a suitable combination of electric and magnetic fields
the width of the Feshbach resonance can also be controlled.
In this work we focus on the interplay between the electric
field induced potential resonances and magnetic field in-
duced Feshbach resonances, which leads to the possibility
of tailoring the energy dependence of the interactions.

This work is organized as follows: We start by explain-
ing the physics underlying the interesting interplay be-
tween the potential and Feshbach resonances, as induced
and controlled by electric and magnetic fields. We indicate
how a simple analytical model captures the essential phys-
ics and compare the model to full coupled-channels calcu-
lations. Since rubidium is currently used in electric trap
experiments [33,34], we give several examples of the
interaction properties of 85Rb atoms. It can be considered
as a model system used to give a proof of principle of the
tunability of the energy dependence of the interactions. We
end with concluding remarks.

Feshbach resonances originate from the coupling of two
atoms interacting via an energetically open channel, to
one (or several) bound state(s) in energetically closed
channels. The position of the bound state(s) can be tuned
by changing the magnetic field. When such a bound state
is energetically close to the relative kinetic energy of
the two atoms, the scattering process becomes resonant.
The signature of a potential resonance is a large
(absolute) value of the background scattering length,
much larger than the range of the van der Waals potential

PRL 100, 153201 (2008) P H Y S I C A L R E V I E W L E T T E R S week ending
18 APRIL 2008

0031-9007=08=100(15)=153201(4) 153201-1 ! 2008 The American Physical Society



Chemical reactions in magnetic traps
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Energy diagram of a 2Σ diatomic molecule

How do electric fields affect spin relaxation?

• Induce couplings between the rotational levels (!N = 1)

• Increase the energy gap between the rotational levels

R. V. Krems,  A.Dalgarno, N.Balakrishnan, and G.C. Groenenboom, PRA 67, 060703(R) (2003)



• First-order Stark effect

Enhancement of spin relaxation

T. V.  Tscherbul and R.V.  Krems, PRL 97, 083201 (2006)



Enhancement of spin relaxation (a 3D view)



Li + HF → LiF + H



0.243 eV

0.221 eV

!E = 0.080 eV

HF(v=0)

LiF(v=0)

v=1

Energy diagram of the reaction Li + HF(v=0, j=0)

j

Electric field



Jacobi coordinates



The problem with Jacobi coordinates



Solution: the hyperspherical coordinates



How do the new coordinates work? 



The F+H2 chemical reaction:
results for Step I

ABC code



Quantum theory of chemical reactions in the presence of electromagnetic
fields

T. V. Tscherbula! and R. V. Krems
Department of Chemistry, University of British Columbia, Vancouver, British Columbia V6T 1Z1, Canada

!Received 29 April 2008; accepted 12 June 2008; published online 21 July 2008"

We present a theory for rigorous quantum scattering calculations of probabilities for chemical
reactions of atoms with diatomic molecules in the presence of an external electric field. The
approach is based on the fully uncoupled basis set representation of the total wave function in the
space-fixed coordinate frame, the Fock–Delves hyperspherical coordinates, and the adiabatic
partitioning of the total Hamiltonian of the reactive system. The adiabatic channel wave functions
are expanded in basis sets of hyperangular functions corresponding to different reaction
arrangements, and the interactions with external fields are included in each chemical arrangement
separately. We apply the theory to examine the effects of electric fields on the chemical reactions of
LiF molecules with H atoms and HF molecules with Li atoms at low temperatures and show that
electric fields may enhance the probability of chemical reactions and modify reactive scattering
resonances by coupling the rotational states of the reactants. Our preliminary results suggest that
chemical reactions of polar molecules at temperatures below 1 K can be selectively manipulated
with dc electric fields and microwave laser radiation. © 2008 American Institute of Physics.
#DOI: 10.1063/1.2954021$

I. INTRODUCTION

An important goal of modern chemical physics is to
achieve external control over dynamics of elementary chemi-
cal processes.1–7 Manipulating chemical transformations by
external dc fields or laser radiation is at the heart of mode-
selective chemistry,1 chemical stereodynamics,3,4 and quan-
tum coherent control of molecular dynamics.6 External elec-
tromagnetic fields can be used to orient and align molecules,
which restricts the symmetry of the electronic interaction be-
tween the reactants in the entrance reaction channel and may
result in suppression or enhancement of reaction rates, the
phenomenon known as the “steric effect.”8–10 Loesch and
co-workers3,11,12 and Friedrich and Herschbach7 demon-
strated that rotationally cold polar molecules in the ! elec-
tronic state can be effectively oriented by dc electric fields
which was used to study steric effects in molecular
spectroscopy,13 inelastic scattering,7 and chemical reaction
dynamics.3,12 Loesch and Stienkemeier used a combination
of dc electric fields and infrared radiation pumping to ex-
plore the effects of molecular alignment in the Li+HF
!v=1, j=1" chemical reaction. Their results indicated that
side-on collisions between HF molecules and Li atoms are
more likely to result in the reaction than end-on collisions.12

The steric effects observed in experiments with thermal mo-
lecular beams are, however, usually weak3 because the ki-
netic energy of the reactants greatly exceeds the perturba-
tions induced by dc electric fields, even for very polar and
heavy molecules such as ICl.12

Friedrich and Herschbach have shown that molecules
can also be aligned by laser radiation.14 The laser alignment

method can be applied to both polar and nonpolar
molecules.15 Larsen et al.16 demonstrated that significant
alignment can be achieved with laser fields of 1012 W /cm2.
The degree of alignment can be quantified by photoionizing
the aligned molecules and examining the angular distribu-
tions of the photofragments.15,16 Laser-field alignment has
been used to produce high-order harmonics with specific po-
larization emitted by N2, O2, and CO2 molecules.17 Laser-
field alignment can also be used to manipulate the rotational
motion of molecules18 or control the branching ratios of the
photodissociation products.19 The interaction of molecules
with an off-resonant laser light is proportional to the square
of the electric-field strength, and substantial alignment can
be achieved only with very powerful lasers. Because most
lasers have short duty cycles, laser-aligned molecules are
normally produced with low densities insufficient for scatter-
ing experiments.4,5 Other methods, such as collisional align-
ment in supersonic expansions,4 produce large quantities of
aligned molecules, but the degree of alignment in these
experiments20 is often insignificant and difficult to quantify.

The effects of external fields on molecular collisions are
significantly more pronounced at low temperatures. The de-
velopment of experimental techniques for cooling molecules
to temperatures near or below 1 K has opened up new pos-
sibilities to study controlled chemical reactions.21 Chemical
reactions of molecules at cold and ultracold temperatures are
accelerated by resonances,22,23 tunneling,2,22,23 threshold
phenomena,24 quantum interference,25 and many-body
dynamics.25,26 With the development of novel experimental
methods for manipulating molecules with electromagnetic
fields such as Stark deceleration,27,28 magnetic or electro-
static guiding,29 and the design of a molecular synchrotron,30

it has become possible to study cold chemical reactions ina"Electronic mail: timur@chem.ubc.ca.
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elastic cross section ~ constant
reaction cross section ~ 1/velocity
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Threshold collision laws

Collision 3D quasi-2D
s-wave elastic σ = const σ ∼ 1

v ln2 v

s-wave reaction σ = 1/v σ ∼ 1
v ln2 v

s-wave to non-s-wave σ ∼ v2l′ σ ∼ v2|m|−1 1
ln2 v

non-s-wave to non-s-wave σ ∼ v2l+2l′ σ ∼ v2|m|+2|m′|−1

Z. Li, S. V. Alyabyshev, and RK, PRL 100, 073202 (2008).











Chemical dynamics in an ultracold quasi-2D gas,

Zhiying Li and RK, manuscript in preparation
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Possible applications of cold controlled chemistry



• Inelastic collisions and chemical reactions at ultra-cold temper-
atures are extremely state selective
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→ can be used to produce molecules with inverted populations
→ chemical lasers based on ultra-cold collisions



• Chemical reactions in magnetic traps
Enhancement of spin relaxation (a 3D view)

→ reactions near tunable avoided crossings
→ geometric phase effects
→ chemical reactions induced by fine interactions



• Chemistry in confined geometries

B

B
Suppressed collisional spin relaxation

Enhanced collisional spin relaxation

→ stereodynamics of ultra-cold collisions
→ effects of symmetry breaking
→ effects of long-range interactions



• Collisions of molecules with tunable velocities

→ resonances in chemical dynamics of molecule
→ new systems to test reaction rate theories
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Molecular cooling techniques face the hurdle of 

dissipating translational as well as internal energy in the 

presence of a rich electronic, vibrational, and rotational 

energy spectrum. Here, we create a translationally 

ultracold, dense quantum gas of molecules bound by more 

than 1000 wavenumbers in the electronic ground state. 

Specifically, we stimulate with 80% efficiency a two-

photon transfer of molecules associated on a Feshbach 

resonance from a Bose-Einstein condensate of cesium 

atoms. In the process, the initial loose, long-range 

electrostatic bond of the Feshbach molecule is coherently 

transformed into a tight chemical bond. We demonstrate 

coherence of the transfer in a Ramsey-type experiment 

and show that the molecular sample is not heated during 

the transfer. Our results show that the preparation of a 

quantum gas of molecules in specific rovibrational states 

is possible and that the creation of a Bose-Einstein 

condensate of molecules in their rovibronic ground state is 

within reach. 

Ultracold samples of molecules are ideally suited for 

fundamental studies in physics and chemistry, ranging from 

few-body collisional physics (1–4), ultracold chemistry (5), 

and high resolution spectroscopy (6, 7), to quantum gas 

preparation, molecular Bose-Einstein condensation (8), and 

quantum processing (9). For many of the proposed 

experiments full control over the molecular wave function in 

specific deeply bound rovibrational states is needed. High 

densities are required for molecular quantum gas studies. 

Only in the rovibronic ground state, i.e. the lowest vibrational 

and rotational energy level of the electronic ground state, is 

collisional stability assured. However, direct molecular 

cooling towards high phase space densities seems yet out of 

reach (10), whereas techniques like Feshbach association (11) 

and photoassociation (12) either produce molecules 

exclusively in weakly bound rovibrational levels, or suffer 

from low production rates and low state selectivity. 

In order to produce a quantum gas of molecules in their 

absolute ground state, Jaksch et al. (13) proposed a scheme 

for homonuclear alkali molecules in which the technique of 

stimulated two-photon transfer is repeatedly applied to 

molecules associated from a high-density sample of ultracold 

atoms. The initially very loosely bound molecules are 

transferred in successive steps to the rovibrational ground 

state of the singlet 
1

gX !
"  molecular potential. The advantage 

of this scheme is that it is fully coherent, not relying on 

spontaneous processes, and that it involves only a very small 

number of intermediate levels. It promises that a ground state 

binding energy of typically 0.5 eV can be carried away 

without heating the molecular sample. It essentially preserves 

phase space density, allowing the molecular sample to inherit 

the high initial phase space density from the atomic sample. 

However, to realize this scheme, several challenges have to 

be met. First, there is a large difference in internuclear 

separation that has to be bridged: the overlap between the 

radial wave function of the least bound molecules with the 

radial wave functions of deeply bound molecular levels is 

extremely low, potentially leading to prohibitively low 

transition rates for the two-photon transitions. Second, the 

scheme requires the identification of suitable intermediate 

molecular levels while strictly avoiding parasitic excitations. 

Third, a large difference in binding energy has to be 

overcome. On a more technical side, the lasers driving the 

two-photon transitions at widely different wavelengths need 

to have extremely low relative short term phase jitter and high 

long term frequency stability to allow for coherence and 

reproducibility. In important experiments, Winkler et al. (14) 

and recently Ospelkaus et al. (15) demonstrated highly 

efficient two-photon transfer into lower lying molecular 

levels starting from weakly bound dimer molecules, which 

were associated from ultracold atoms on a Feshbach 

resonance (11). However, the transferred molecules are still 

weakly bound. Their binding energy, on the order of the 

atomic hyperfine splitting, is less than 10#4 of the binding 

energy of the rovibrational ground state, and wave function 

overlap with this state is still negligible. 
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A quantum gas of ultracold polar molecules, with long-

range and anisotropic interactions, not only would enable 

explorations of a large class of many-body physics 

phenomena but also could be used for quantum 

information processing. We report on the creation of an 

ultracold dense gas of 
40

K
87

Rb polar molecules. Using a 

single step of STIRAP (Stimulated Raman Adiabatic 

Passage) via two-frequency laser irradiation, we 

coherently transfer extremely weakly bound KRb 

molecules to the rovibrational ground state of either the 

triplet or the singlet electronic ground molecular 

potential. The polar molecular gas has a peak density of 

1012
 cm

–3
 and an expansion-determined translational 

temperature of 350 nK. The polar molecules have a 

permanent electric dipole moment, which we measure via 

Stark spectroscopy to be 0.052(2) Debye (1 Debye = 3.336 

! 10
–30 

C m) for the triplet rovibrational ground state and 

0.566(17) Debye for the singlet rovibrational ground state. 
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A quantum gas of ultracold polar molecules, with long-

range and anisotropic interactions, not only would enable 

explorations of a large class of many-body physics 

phenomena but also could be used for quantum 

information processing. We report on the creation of an 

ultracold dense gas of 
40

K
87

Rb polar molecules. Using a 

single step of STIRAP (Stimulated Raman Adiabatic 

Passage) via two-frequency laser irradiation, we 

coherently transfer extremely weakly bound KRb 

molecules to the rovibrational ground state of either the 

triplet or the singlet electronic ground molecular 

potential. The polar molecular gas has a peak density of 

1012
 cm

–3
 and an expansion-determined translational 

temperature of 350 nK. The polar molecules have a 

permanent electric dipole moment, which we measure via 

Stark spectroscopy to be 0.052(2) Debye (1 Debye = 3.336 

! 10
–30 

C m) for the triplet rovibrational ground state and 

0.566(17) Debye for the singlet rovibrational ground state. 
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Formation of Ultracold Polar Molecules in the Rovibrational Ground State
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Ultracold LiCs molecules in the absolute ground state X1!!, v00 " 0, J00 " 0 are formed via a single

photoassociation step starting from laser-cooled atoms. The selective production of v00 " 0, J00 " 2
molecules with a 50-fold higher rate is also demonstrated. The rotational and vibrational state of the

ground state molecules is determined in a setup combining depletion spectroscopy with resonant-

enhanced multiphoton ionization time-of-flight spectroscopy. Using the determined production rate of

up to 5# 103 molecules=s, we describe a simple scheme which can provide large samples of externally

and internally cold dipolar molecules.

DOI: 10.1103/PhysRevLett.101.133004 PACS numbers: 37.10.Mn, 33.20.$t, 33.80.Rv

A gaseous cloud of translationally ultracold molecules,
i.e., well below a temperature of 1 mK, in their rovibra-
tional ground state is the starting point for many intriguing
scientific applications, such as the exploration of quantum
phases in dipolar gases [1,2], the development of quantum
computation techniques [3], precision measurements of
fundamental constants [4], and the investigation and con-
trol of ultracold chemical reactions [5]. A number of
experimental approaches are currently being studied to
prepare and manipulate ultracold molecules [6,7]. Up to
now, the formation of ultracold molecules in the lowest
vibrational level of the electronic ground state has been
demonstrated for ultracold KRb [8], RbCs [9], and Cs2
[10], in all cases using complex photoassociation schemes
in an ultracold gas of atoms involving both continuous and
pulsed laser fields. In an alternative approach, ultracold
gaseous samples of magneto-associated, weakly bound
molecules, so-called Feshbach molecules, have recently
been transferred into deeply bound vibrational states, yet
not the lowest state, by coherent adiabatic passage [11–13].

In this Letter, we demonstrate the production of ultra-
cold LiCs molecules in the absolute vibrational and rota-
tional ground state X1!!, v00 " 0, J00 " 0, by scattering
the light of a single narrow-band photoassociation (PA)
laser off pairs of magneto optically trapped lithium and
cesium atoms. We unambiguously assign the produced
quantum state using high resolution, rotationally selective
depletion spectroscopy combined with resonance en-
hanced multiphoton ionization time-of-flight (REMPI-
TOF) mass spectrometry. The sequence of the formation
and detection steps is schematically shown in Fig. 1.

133Cs and 7Li atoms out of a double species oven are
slowed in a Zeeman slower and trapped in an overlapped
magneto-optical trap (MOT) for lithium and a forced dark-
spot MOT (SPOT) [14] for cesium. We trap 4# 107 ce-
sium atoms and 108 lithium atoms at densities of 3# 109

and 1010 cm$3, respectively. Time-of-flight expansion was
used to measure a cesium temperature of 250%50& !K.
Because of the large photon recoil and unresolved hyper-
fine structure of the excited state, the lithium atoms have a

temperature of hundreds of !K. In the cesium SPOT, 97%
of the atoms are in the lower hyperfine ground state F " 3,
while in the lithium MOT, 80% of the atoms are in the
upper hyperfine state F " 2. Therefore, the atoms collide
mainly on the Li%22S1=2; F " 2& ! Cs%62S1=2; F " 3&
asymptote. For PA, 500 mW of light from a Ti:Sa laser is
collimated to a waist of 1.0 mm and passed through the
center of the trap region, left on continuously during all
measurements. For the detection of formed molecules, first
all cesium atoms in the trap are quenched to the ground
state by blocking the cesium repumper, because two-
photon ionization of excited cesium atoms would form a
strong background signal for the detection of LiCs! ions.
After 0.6 ms, a pulsed dye laser (pulse energy 4 mJ, pulse
length 7 ns, bandwidth 2 GHz) ionizes ground state mole-
cules. The laser beam is collimated to a waist of '5 mm
and is aligned to pass roughly one beam diameter below the
trapped atoms in order to prevent excessive ionization of
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FIG. 1 (color online). Sketch of the excitation and detection
scheme. (a) photoassociation by Ti:Sa laser at 946 nm,
(b) spontaneous decay into deeply bound ground state mole-
cules, (c) two-photon ionization with resonant intermediate state.
For depletion spectroscopy: (d) excitation of ground state mole-
cules, (e) redistribution of ground state population; potentials
curves from Ref. [19,20,32].
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Ultracold Triplet Molecules in the Rovibrational Ground State
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We report here on the production of an ultracold gas of tightly bound Rb2 triplet molecules in the

rovibrational ground state, close to quantum degeneracy. This is achieved by optically transferring weakly

bound Rb2 molecules to the absolute lowest level of the ground triplet potential with a transfer efficiency

of about 90%. The transfer takes place in a 3D optical lattice which traps a sizeable fraction of the tightly

bound molecules with a lifetime exceeding 200 ms.

DOI: 10.1103/PhysRevLett.101.133005 PACS numbers: 37.10.Mn, 37.10.Jk, 37.10.Pq, 42.50.!p

The successful production of quantum degenerate gases
of weakly bound molecules has triggered a quest for quan-
tum gases of tightly boundmolecules. These can be used to
investigate ultracold collisions and chemistry of mole-
cules, to produce molecular Bose-Einstein condensates
(BEC), and to develop molecular quantum optics.
Standard laser cooling techniques as developed for atoms
[1] do not work for molecules due to their complex internal
structure. Other pathways to cold and dense samples of
molecules are required, such as Stark or Zeeman decelera-
tion [2,3] and sympathetic cooling [4] or association of
ultracold atoms [5–7]. Association via Feshbach reso-
nances [6,7] has directly produced quantum degenerate
or near-degenerate ultracold molecular gases [8–12], but
only in very weakly bound states with a high vibrational
quantum number. Furthermore, such molecules are in gen-
eral unstable when colliding with each other, particularly if
they are composed of bosonic atoms.

Recently, optical schemes have been developed with the
goal to selectively produce cold and dense samples of
deeply bound molecules [13–18], ultimately in a rovibra-
tional ground state. We report here the realization of this
goal by optically transferring a dense ensemble of 87Rb2
Feshbach molecules to a single quantum level in the rovi-
brational ground state of the Rb2 triplet potential (a

3!"
u ).

The transfer is carried out in a single step using stimulated
Raman adiabatic passage (STIRAP) [14–16,19] with an
efficiency of almost 90%, which is only technically lim-
ited. The molecules are held in a 3D optical lattice in which
they exhibit a trap lifetime exceeding 200 ms, after an
initial relaxation within 50 ms.

In contrast to singlet molecules, triplet molecules exhibit
a magnetic moment giving rise to a rich energy level
structure in the presence of magnetic fields. Thus, colli-
sions of triplet molecules should exhibit magnetically tun-
able scattering resonances, e.g., Feshbach resonances.
Molecules in the triplet rovibrational ground state can
potentially relax to the singlet state X 1!"

g through inelas-
tic collisions. This process has not yet been investigated
and can possibly be suppressed. Such a regime would open

interesting prospects for future experiments with molecu-
lar Bose-Einstein condensates and ultracold chemistry
[20].
The starting point for our transfer experiments is a

50 !m-size pure ensemble of 3# 104 weakly bound Rb2
Feshbach molecules, produced from an atomic 87Rb Bose-
Einstein condensate using a Feshbach resonance at a mag-
netic field of 1007.4 G (1 G $ 10!4 T). They are trapped
in the lowest Bloch band of a cubic 3D optical lattice with
no more than a single molecule per lattice site [21] and an
effective lattice filling factor of about 0.3. The lattice depth
for the Feshbach molecules is 60 Er, where Er $
"2@2=2ma2 is the recoil energy, with m the mass of the
molecules and a $ 415:22 nm the lattice period. Such
deep lattices suppress tunneling between different sites.
The magnetic field is set to 1005.8 G where the Feshbach
molecules are in a quantum state jfi which correlates with
jF $ 2; mF $ 2; f1 $ 2; f2 $ 2; v $ 36; l $ 0i at 0 G
[22]. Here, F and f1;2 are the total angular momentum
quantum numbers for the molecule and its atomic constit-
uents, respectively, and mF is the total magnetic quantum
number; v is the vibrational quantum number for the triplet
potential and l is the quantum number for rotation.
For the transfer, we use a stimulated optical Raman

transition. Two lasers (1 and 2) connect the Feshbach
molecule level, jfi, via an excited level, jei, to the absolute
lowest level in the triplet potential, jgi [see Fig. 1(a)]. State
jgi has a binding energy of 7:0383%2& THz# h and can be
described by the quantum numbers jF $ 2; mF $ 2; S $
1; I $ 3; v $ 0; l $ 0i where S and I are the total elec-
tronic and nuclear spins of the molecule, respectively. At
1005.8 G, the ground state is separated by hundreds of
MHz from any other bound level, so there is no ambiguity
in what level is addressed. The level jei is located in the
vibrational v0 $ 13 manifold of the electronically excited
3!"

g (5s" 5p) potential and has 1g character. It has an
excitation energy of 294:6264%2& THz# h with respect to
jfi, a width " $ 2"# 8 MHz, and a Zeeman shift of
3:4 MHz# h=G. From resonant excitation measurements,
we deduce a coupling strength for the transition from jfi to
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Ultracold chemistry

• new regime of molecular dynamics research

• new tool to address fundamental problems

• multidisciplinary research �eld

• very dynamic and rapidly expanding research area
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