
                  Molecules near abolsute zero - why cold chemistry is hot 

                      
                        Roman Krems
            University of British Columbia



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



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

  20XX - for Ultracold Chemistry



10
-8

10
-7

10
-6

10
-5

10
-4

10
-3

10
-2

10
-1

10
0

10
1

10
2

Temperature scale (Kelvin)



10
-8

10
-7

10
-6

10
-5

10
-4

10
-3

10
-2

10
-1

10
0

10
1

10
2

Temperature scale (Kelvin)

cold



10
-8

10
-7

10
-6

10
-5

10
-4

10
-3

10
-2

10
-1

10
0

10
1

10
2

Temperature scale (Kelvin)

ultra-cold cold



10
-8

10
-7

10
-6

10
-5

10
-4

10
-3

10
-2

10
-1

10
0

10
1

10
2

Temperature scale (Kelvin)

ultra-cold cold ho
t

w
ar

m



10
-8

10
-7

10
-6

10
-5

10
-4

10
-3

10
-2

10
-1

10
0

10
1

10
2

Temperature scale (Kelvin)

ultra-cold cold ho
t

w
ar

m

 Coldest T
 in

 th
e Universe



Magnetic trap

middle of the trap

M
ag

n
et

ic
 f

ie
ld



More delicate methods: evaporative coolingEvaporative cooling
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Ultracold chemistry – new regime of chemistry

•  controlled chemical reactions

•  quantum effects in chemistry

•  detailed mechanisms of chemical reactions

•  role of individual ro-vibrational energy 
levels in determining chemical reactivity

Possibility to study 

See “Cold Controlled Chemistry”: 
            R. V. Krems, PCCP 10, 479 (2009) 



Ultracold chemistry – new regime of chemistry

•  effects of quantum statistics and many-
body physics on chemical reactions

•  effects of tunable fine and hyperfine 
interactions on chemical reactions

•  effects of external space symmetry on 
chemical reactions

Possibility to study 

See “Cold Controlled Chemistry”: 
            R. V. Krems, PCCP 10, 479 (2009) 



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.. 













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
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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



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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Reactions in con�ned geometries
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Wigner’s laws:
elastic cross section ~ constant
reaction cross section ~ 1/velocity

rate ~ velocity     cross section
elastic rate ~ 0
reaction rate ~ constant

x
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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).
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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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