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• External �elds modify binary interactions in a cold gas

⇒ External �eld control of collision dynamics

⇒ Control over macroscopic properties of ultracold gases

⇒ Controlled chemistry

• Molecule-�eld interactions → new regimes of dynamics

⇒ Molecular dynamics in restricted geometries

⇒ Dynamics of quantum gases near surfaces

⇒ New controllable exciton-polariton systems
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Fully uncoupled space-�xed representation - example:

Collision of two molecules in the 2Σ state

Ψ =
∑
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Fiφi

φi = |NAMNA
〉|SAMSA

〉|NBMNB
〉|SBMSB

〉|lml〉

where all the momenta are projected onto the �eld axis.

In order to evaluate the matrix of H, all terms in the Hamiltonian
must be written in the space-�xed coordinate frame.

R. V. Krems and A. Dalgarno, JCP 120, 2296 (2004).
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Quantum-mechanical theory of atom-molecule and molecular collisions
in a magnetic field: Spin depolarization
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A theory for quantum-mechanical calculations of cross sections for atom-molecule and molecular

collisions in a magnetic field is presented. The formalism is based on the representation of the wave

function as an expansion in a fully uncoupled space-fixed basis. The systems considered

include 1S-atom– 2#-molecule, 1S-atom– 3#-molecule, 2#-molecule– 2#-molecule, and
3#-molecule– 3#-molecule. The theory is used to elucidate the mechanisms for collisionally
induced spin depolarization. © 2004 American Institute of Physics. $DOI: 10.1063/1.1636691%

I. INTRODUCTION

The theory for quantum-mechanical close coupling cal-

culations of cross sections for atom-molecule and molecular

collisions has been known for over 40 years. After the work

of Arthurs and Dalgarno,1 most authors used the total angular

momentum representation for the close coupling expansion

of the wave function.2,3 The total angular momentum repre-

sentation reduces the dimension of the coupled channel prob-

lem, but the physics of fully resolved state–to–state transi-

tions is often not transparent from the expressions for the

coupling matrix elements. Recent years have witnessed an

increased interest to atomic and molecular collisions in ex-

ternal magnetic and electric fields. The total angular momen-

tum is not conserved in collisions in an external field and the

conventional close coupling theory of molecular collisions

needs to be modified. A formulation in a space-fixed frame

would allow for calculations at specific values of the total

angular momentum projection which remains a good quan-

tum number in a homogeneous field and provide insight into

the mechanism of state-resolved transitions based on the

structure of the coupling matrices.

Molecules with magnetic dipole moments can be trapped

in an inhomogeneous magnetic field if their translational en-

ergy is less than the potential of the magnetic field forces.4–7

The trapping selects molecules in the states whose energy

increases with increasing magnetic field. Trapped molecules

offer a variety of research possibilities such as high precision

spectroscopy8 and manipulation and control of molecular

interactions.9 A general method for loading molecules in a

magnetic trap relies on buffer gas cooling.5–8 Molecules are

slowed down to temperatures of near or less than 1 K by

elastic collisions with precooled buffer gas atoms, usually

He. The efficiency of the buffer gas loading depends on the

rate at which collisions with He atoms induce relaxation

from the Zeeman level with the highest energy. The lowest

temperature of the trapped molecules that can be achieved by

buffer gas cooling is of the order of 0.3–1 K. The buffer gas

may then be removed and the molecules cooled to lower

temperatures by evaporative cooling due to elastic energy

transfer in molecule–molecule collisions. Spin depolariza-

tion in molecular collisions limits the evaporative cooling.

An alternative method to produce ultracold molecules is pho-

toassociation of laser-cooled alkali-metal atoms.10–12 The

photoassociation of two atoms in the 2S-state with maximal

stretching of spin produces diatomic molecules in the 3#
state. The molecules are trapped but collisions with atoms

induce both rovibrationally inelastic and spin-depolarization

transitions leading to trap loss and release of energy.

The efficiency of the production of ultracold molecules

depends on the mechanisms driving spin-depolarization tran-

sitions in atomic and molecular collisions in a magnetic field.

Spin depolarization in atom-molecule and molecule-

molecule collisions in the absence of a magnetic field has

been studied by Volpi and Bohn,13 Avdeenkov and Bohn,14

and Bohn15 and quantum calculations for atom–atom colli-

sions in external fields have been carried out by several

authors.16–26 Fukuda27 has studied high speed atom-molecule

collisions in strong magnetic fields and discovered mecha-

nisms for inelastic transitions that depend on the molecular

center of mass velocity and Volpi and Bohn28 have calculated

rate constants for spin relaxation in collisions of O2(
3#)

molecules with He atoms in a magnetic field. A close cou-

pling expansion in terms of products of Hund’s case !b"
functions of the diatomic molecule and the wave functions of

the rotational angular momentum of the collision complex

was used. Volpi and Bohn found that the rate of the Zeeman

relaxation increases dramatically with magnetic field at low

collision energies and small magnetic fields.

In this article we develop the formalism for quantum-

mechanical close coupling calculations of cross sections for

a"Mailing address: ITAMP, Harvard-Smithsonian CfA, 60 Garden Street,

Cambridge, MA 02138. Electronic mail: rkrems@cfa.harvard.edu
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A general tensorial expansion for the interaction potential between two atoms in arbitrary angular momentum
states is derived and the relations between the expansion coefficients and the Born-Oppenheimer potentials
of the diatomic molecule are obtained. It is demonstrated that a complete expansion of the interaction potential
must employ tensors that are invariant under the inversion of the coordinate system, and the expansion in
terms of conventional spherical harmonics is not adequate for the case of two atoms in states with nonzero
electronic orbital angular momenta. The concept of the interaction anisotropy between two open-shell atoms
is introduced. The correctness of the formalism is demonstrated by the example of two atoms in P states.

I. Introduction

Quantum chemistry calculations give an electronic interaction
potential between two atoms in the molecule-fixed coordinate
system. Collisions of atoms are described in the laboratory-
fixed coordinate system and atomic collision theories are based
on transformation relations between the molecule-fixed and
space-fixed wave functions. The complexity of the wave
function transformations often conceals the role of the electronic
interaction potential in determining the dynamics of inelastic
atomic collisions. It is desirable, therefore, to have a space-
fixed representation of the electronic interaction potential which
would allow for an analysis of collision mechanisms. Such
potential forms would reflect the anisotropy of atom-atom
interaction and provide simple techniques for the evaluation of
the interaction potential matrix in a space-fixed basis of wave
functions.
Callaway and Bauer1 suggested that the interaction between

an atom in a P state and a closed-shell atom can be represented
by an effective potential of the form

where R is the vector joining the centers of mass of the atoms,
r denotes collectively the position vectors of the electrons in
the P-state atom and Pk is the Legendre polynomial of kth order.2

Reid and Dalgarno3,4 used expansion 1 to formulate a theory
for fine-structure transitions in collisions of P-state atoms with
helium. It follows from their expressions that collisional transfer
of angular momentum is driven by the term Vk)2(R) and the

collision problem is equivalent to that of a diatomic molecule
interacting with an inert gas atom. The part of the interaction
with k ) 2 represents the anisotropy of the electronic interaction
between an atom in a P state and a closed-shell atom. Aquilanti
and Grossi5 derived the relations between the Legendre expan-
sion terms Vk and the Born-Oppenheimer potentials of the
diatomic molecule and generalized expression 1 to describe
interactions between closed-shell atoms and atoms with higher
electronic orbital angular momentum. The Legendre polynomials
can be expanded in spherical harmonics

where R̂ and r̂ are the unit vectors with the direction of R and
r defined in the laboratory coordinate system.6,7 The results of
Aquilanti and Grossi thus provided a direct representation of
the interaction potential operator in the space-fixed coordinate
frame. This proved to be useful for the analysis of atomic
collisions in external fields and collisional reorientation of
angular momentum at low energies.8-10

Dubernet and Hutson11 presented a discussion of atom-
molecule van der Waals complexes containing open-shell atoms
and !-state molecules. The discussion was based on the
assumption that the atom-molecule interaction potential can
be represented by expansions commonly used in closed-shell
diatom-diatom systems. Both space-fixed

† Part of the “Gert D. Billing Memorial Issue”.
* To whom correspondence should be addressed.
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Suppression of Angular Forces in Collisions of Non-S-State Transition Metal Atoms
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Angular momentum transfer is expected to occur rapidly in collisions of atoms in states of nonzero
angular momenta due to the large torque of angular forces. We show that despite the presence of internal
angular momenta transition metal atoms interact in collisions with helium effectively as spherical atoms
and angular momentum transfer is slow. Thus, magnetic trapping and sympathetic cooling of transition
metal atoms to ultracold temperatures should be readily achievable. Our results open up new avenues of
research with a broad class of ultracold atoms.

DOI: 10.1103/PhysRevLett.94.013202 PACS numbers: 34.20.Cf, 32.60.+i, 32.80.Pj, 34.50.–s

The realization of Bose-Einstein condensation (BEC)
and the creation of Fermi degenerate gases of atoms have
greatly expanded our understanding of nature. Novel phe-
nomena such as BEC of a Fermi gas [1], vortices in atomic
clouds [2], and retardation in atom-surface interactions [3]
have been observed. External field control of atomic colli-
sions has become possible [4]. The experiments on quan-
tum degeneracy have been limited to ground-state alkali
metal atoms, hydrogen and helium because BEC occurs at
extremely low temperatures and, with few exceptions, the
creation of ultracold atoms relies on evaporative cooling in
a magnetic trap [5]. Evaporative cooling rests upon energy
dissipation in elastic collisions between atoms, while the
atoms must remain in the Zeeman state with the highest
energy to stay trapped. Evaporative cooling has been ap-
plied only to atoms without internal orbital angular mo-
mentum—S-state atoms— for which Zeeman relaxation
is inefficient. By contrast, the Zeeman relaxation in colli-
sions of non-S-state atoms—atoms with internal orbital
angular momenta—is induced by strong electrostatic and
exchange interactions and it may be very fast [6]. Here we
show that, despite the presence of orbital angular momenta,
non-S-state transition metal atoms interact upon collisions
with He atoms effectively like spherically symmetric
S-state atoms. Our results suggest the possibility of mag-
netic trapping and sympathetic cooling of non-S-state
atoms by collisions with trapped S-state atoms to ultracold
temperatures and open up avenues for research with a new
broad class of ultracold atoms.

The electronic interaction between non-S-state atoms
depends strongly on the relative orientation of the vector
separating the atoms and the orientation of the atomic
orbitals with unpaired electrons [6,7]. The angular depen-
dence of the interaction potential induces a large torque
that spins up the angular momentum of the colliding atoms.
In a magnetic field, such angular momentum rotation leads
to Zeeman transitions. Previous theoretical work [8–10]

showed that the probability of Zeeman relaxation in cold
and ultracold collisions of open-shell Ca!3P", Sr!3P" and
O!3P" atoms is very large, as expected. Less then ten
collisions suffice to bring about angular momentum reor-
ientation. Here we show that the interaction of non-S-state
transition metal atoms Sc!2D" and Ti!3F" with ground-
state He atoms is dominated by the spherically symmetric
repulsive exchange interaction and that it suppresses the
role of internal angular momentum in the collision process.

Our choice of 3He as the collision partner for Sc and Ti is
motivated by its use in buffer-gas loading experiments
[11]. Buffer-gas loading is a general technique for mag-
netic trapping of atoms. Atoms are cooled by elastic colli-
sions with He atoms and captured in a magnetic trap for
which their translational energy is smaller than the trap
depth. The Zeeman relaxation rates in collisions of Sc and
Ti with 3He have been recently measured [12]. He is an
S-state atom so the angular dependence of the interaction
of Ti and Sc with He is entirely determined by the elec-
tronic structure of the transition metal atoms.

The interaction potential between an atom in a state with
nonzero electronic orbital angular momentum such as
Ti!3F" and Sc!2D" and an S-state atom such as He can be
written in the effective potential form [13,14]

V #
X

!

V!!R"P!; (1)

where R is the interatomic distance and P! is the Legendre
polynomial of order !. The term with ! # 0 is the isotropic
part of the potential, while the terms with !> 0 represent
the angular dependence of the interaction potential or the
electronic interaction anisotropy. The expansion coeffi-
cients V!!R" can be related to the nonrelativistic Born-
Oppenheimer interaction potentials of the diatomic mole-
cule [6,7]. The relations for D-state atoms have the form
[6,7]

PRL 94, 013202 (2005) P H Y S I C A L R E V I E W L E T T E R S week ending
14 JANUARY 2005
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where R is the interatomic distance and P! is the Legendre
polynomial of order !. The term with ! # 0 is the isotropic
part of the potential, while the terms with !> 0 represent
the angular dependence of the interaction potential or the
electronic interaction anisotropy. The expansion coeffi-
cients V!!R" can be related to the nonrelativistic Born-
Oppenheimer interaction potentials of the diatomic mole-
cule [6,7]. The relations for D-state atoms have the form
[6,7]
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We present a theoretical study of atom-molecule collisions in superimposed electric and magnetic fields
and show that dynamics of electronic spin relaxation in molecules at temperatures below 0.5 K can be
manipulated by varying the strength and the relative orientation of the applied fields. The mechanism of
electric field control of Zeeman transitions is based on an intricate interplay between intramolecular spin-
rotation couplings and molecule-field interactions. We suggest that electric fields may affect chemical
reactions through inducing nonadiabatic spin transitions and facilitate evaporative cooling of molecules in
a magnetic trap.
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Building a quantum computer [1], establishing the time-
reversal symmetry of nature [2], and achieving external
control over chemical reactions and molecular dynamics
processes [3] are some of the most important fundamental
problems of contemporary physics and chemistry. It has
been recently realized that efficient quantum information
processing [4–6], precision symmetry measurements [2,7–
9], and external field control of molecular collisions [10]
may all become possible using molecular ensembles
cooled to temperatures below 1 K. In particular, it was
suggested that molecules with nonzero electronic spin
trapped on an optical lattice may act as qubits of a quantum
computer [5,6] or used for measurements of the electric
dipole moment (EDM) of the electron [2,8], which may
provide a test of the time-reversal symmetry. Both the
quantum computation schemes and the precision measure-
ments rely on a coherent superposition of molecular spin
states prepared or exploited in the presence of magnetic
and electric fields. Molecular collisions destroy the coher-
ence by inducing spin relaxation. Electromagnetic fields
modify the structure of molecules and may thus affect
collisional spin relaxation. In this work, we analyze the
effect of electric fields on collisional spin relaxation in cold
molecules. Our results lead us to propose several new
mechanisms for controlling molecular collisions and, pos-
sibly, chemical reactions with superimposed electric and
magnetic fields.

Collisions of molecules in external electric and magnetic
fields have been studied by Bohn and co-workers [11,12]
and by our group [10,13,14]. These studies demonstrated
that dynamics of molecules at zero absolute temperature
may be sensitive to the magnitude of an applied field. All of
these papers, however, focused on molecular collisions at
yet unrealistic temperatures of less than 1 mK and the
effects observed may not be present in warmer gases.
Here, we explore the effect of combined electric and
magnetic fields on collisions of cold ( " 0:5 K) molecules.
These temperatures are relevant for the EDM measurement
experiments [8] and can be easily achieved with cryogenic
cooling techniques [15]. Expanding on the work of

Friedrich and Herschbach [16], we examine the interplay
of electric and magnetic fields and the intramolecular spin-
rotation interactions as they determine spin relaxation in
inelastic collisions. In particular, we explore the effect of
the relative orientation of magnetic and electric fields on
collisions and propose that rotating electric fields may alter
the dynamics of spin transitions. This work is the first study
of collisions in crossed electric and magnetic fields. The
symmetry of the collision problem is completely destroyed
if the magnetic and electric fields are rotated and we
discuss the corresponding complications arising in the
quantum scattering theory.

We consider collisions of CaH and CaD molecules in the
electronic ground state 2! with 3He atoms. Magnetic fields
split the rotational ground state (N # 0) of a 2! molecule
into two Zeeman energy levels, corresponding to the spin-
up and spin-down orientations of the electronic spin
[16,17]. We solve the time independent scattering problem
in the fully uncoupled representation of the wave function
[14]. The diatomic molecule is described by the
Hamiltonian

 Ĥ # Ĥrv $ !Ŝ % N̂ ! Ê % d̂$ 2"BB̂ % Ŝ; (1)

where Ĥrv determines the rovibrational structure of the
field-free molecule [18], ! is the constant of the spin-
rotation interaction between the rotational angular momen-
tum N̂ and the spin angular momentum Ŝ [19], Ê and B̂ are
the electric and magnetic fields, d̂ is the electric dipole
moment of the molecule, and "B is the Bohr magneton. If
the quantization axis is oriented along the magnetic field
direction, the electric-field-induced interaction is repre-
sented as [20]

 Ê % d̂ # Ed
4#
3

X
q
Y?
1q&r'Y1q&E'; (2)

where r and E define the directions of the interatomic axis
and the electric field with respect to the magnetic field axis.
The Hamiltonian (1) depends on the angle between the
electric and magnetic fields through the Y1q&E' spherical
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Energy diagram of a 2Σ diatomic molecule

How do electric fields affect spin relaxation?
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• Increase the energy gap between the rotational levels
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• First-order Stark effect

Enhancement of spin relaxation
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Enhancement of spin relaxation (a 3D view)
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and show that dynamics of electronic spin relaxation in molecules at temperatures below 0.5 K can be
manipulated by varying the strength and the relative orientation of the applied fields. The mechanism of
electric field control of Zeeman transitions is based on an intricate interplay between intramolecular spin-
rotation couplings and molecule-field interactions. We suggest that electric fields may affect chemical
reactions through inducing nonadiabatic spin transitions and facilitate evaporative cooling of molecules in
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Building a quantum computer [1], establishing the time-
reversal symmetry of nature [2], and achieving external
control over chemical reactions and molecular dynamics
processes [3] are some of the most important fundamental
problems of contemporary physics and chemistry. It has
been recently realized that efficient quantum information
processing [4–6], precision symmetry measurements [2,7–
9], and external field control of molecular collisions [10]
may all become possible using molecular ensembles
cooled to temperatures below 1 K. In particular, it was
suggested that molecules with nonzero electronic spin
trapped on an optical lattice may act as qubits of a quantum
computer [5,6] or used for measurements of the electric
dipole moment (EDM) of the electron [2,8], which may
provide a test of the time-reversal symmetry. Both the
quantum computation schemes and the precision measure-
ments rely on a coherent superposition of molecular spin
states prepared or exploited in the presence of magnetic
and electric fields. Molecular collisions destroy the coher-
ence by inducing spin relaxation. Electromagnetic fields
modify the structure of molecules and may thus affect
collisional spin relaxation. In this work, we analyze the
effect of electric fields on collisional spin relaxation in cold
molecules. Our results lead us to propose several new
mechanisms for controlling molecular collisions and, pos-
sibly, chemical reactions with superimposed electric and
magnetic fields.

Collisions of molecules in external electric and magnetic
fields have been studied by Bohn and co-workers [11,12]
and by our group [10,13,14]. These studies demonstrated
that dynamics of molecules at zero absolute temperature
may be sensitive to the magnitude of an applied field. All of
these papers, however, focused on molecular collisions at
yet unrealistic temperatures of less than 1 mK and the
effects observed may not be present in warmer gases.
Here, we explore the effect of combined electric and
magnetic fields on collisions of cold ( " 0:5 K) molecules.
These temperatures are relevant for the EDM measurement
experiments [8] and can be easily achieved with cryogenic
cooling techniques [15]. Expanding on the work of

Friedrich and Herschbach [16], we examine the interplay
of electric and magnetic fields and the intramolecular spin-
rotation interactions as they determine spin relaxation in
inelastic collisions. In particular, we explore the effect of
the relative orientation of magnetic and electric fields on
collisions and propose that rotating electric fields may alter
the dynamics of spin transitions. This work is the first study
of collisions in crossed electric and magnetic fields. The
symmetry of the collision problem is completely destroyed
if the magnetic and electric fields are rotated and we
discuss the corresponding complications arising in the
quantum scattering theory.

We consider collisions of CaH and CaD molecules in the
electronic ground state 2! with 3He atoms. Magnetic fields
split the rotational ground state (N # 0) of a 2! molecule
into two Zeeman energy levels, corresponding to the spin-
up and spin-down orientations of the electronic spin
[16,17]. We solve the time independent scattering problem
in the fully uncoupled representation of the wave function
[14]. The diatomic molecule is described by the
Hamiltonian

 Ĥ # Ĥrv $ !Ŝ % N̂ ! Ê % d̂$ 2"BB̂ % Ŝ; (1)

where Ĥrv determines the rovibrational structure of the
field-free molecule [18], ! is the constant of the spin-
rotation interaction between the rotational angular momen-
tum N̂ and the spin angular momentum Ŝ [19], Ê and B̂ are
the electric and magnetic fields, d̂ is the electric dipole
moment of the molecule, and "B is the Bohr magneton. If
the quantization axis is oriented along the magnetic field
direction, the electric-field-induced interaction is repre-
sented as [20]

 Ê % d̂ # Ed
4#
3
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1q&r'Y1q&E'; (2)

where r and E define the directions of the interatomic axis
and the electric field with respect to the magnetic field axis.
The Hamiltonian (1) depends on the angle between the
electric and magnetic fields through the Y1q&E' spherical
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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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Method to study chemical dynamics of cold molecules 
in fields and controlled chemistry



Li + HF → LiF + H
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Fully uncoupled space-fixed representation
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