
                        Cold and ultracold atoms and molecules in electric fields 

                       Roman Krems
            University of British Columbia



Zhiying Li
Timur Tscherbul



• Electric-field-induced resonances

• Feshbach resonances induced by RF fields

• Spin relaxation of polar molecules in 
electric fields

• Chemistry of ultracold alkali metal dimers

Outline:





“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



Electric-field-induced resonances in 
ultracold mixtures of alkali metal atoms



• Alkali atoms in a magnetic �eld
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• Alkali atoms in a magnetic �eld

Good quantum numbers for the atoms:

f = I + S and the projection mf - if there's no magnetic �eld

Only mf = mI + mS - in the presence of magnetic �elds

When the atoms come together in a magnetic �eld,

the only conserved quantum number is

M = mfa + mfb

which is the projection of F = fa + fb

R



• Alkali atoms in a magnetic �eld

Good quantum numbers for the atoms:

f = I + S and the projection mf - if there's no magnetic �eld

Only mf = mI + mS - in the presence of magnetic �elds

When the atoms come together in a magnetic �eld,

the only conserved quantum number is

M = mfa + mfb

which is the projection of F = fa + fb

R



0 1000 2000 3000 4000 5000 6000 7000

Magnetic field (Gauss)

-1

-0.8

-0.6

-0.4

-0.2

0

0.2

0.4

0.6

0.8

1

Po
te

nt
ia

l e
ne

rg
y 

(K
)

The energy of Li and Cs in the states

with m
f
Li
 = 1 and m

f
Cs

 = 1



0 1000 2000 3000 4000 5000 6000 7000

Magnetic field (Gauss)

-1

-0.8

-0.6

-0.4

-0.2

0

0.2

0.4

0.6

0.8

1

Po
te

nt
ia

l e
ne

rg
y 

(K
)

The energy of Li and Cs
Total angular momentum projection M=2



1500 2000 2500 3000 3500 4000 4500

Magnetic field (Gauss)

10
0

10
2

10
4

10
6

10
8

1500 2000 2500 3000 3500 4000 4500

Magnetic field (Gauss)

10
-810
-610
-410
-210
010
2

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
  C

ro
ss

 s
ec

tio
n 

(Å
2 )

1500 2000 2500 3000 3500 4000 4500

Magnetic field (Gauss)

10
-3

10
0

10
3

s-wave elastic scattering

p-wave elastic scattering

s      p transition at E=30 kV/cm

s-wave elastic scattering



10
0

10
2

10
4

10
6

10
8

1500 2000 2500 3000 3500 4000 4500

Magnetic field (Gauss)

10
-8

10
-6

10
-4

10
-2

10
0

10
2

   
   

   
   

   
   

   
   

   
   

 C
ro

ss
 s

ec
tio

n 
(Å

2 )

1500 2000 2500 3000 3500 4000 4500

Magnetic field (Gauss)

10
-3

10
0

10
3

s-wave elastic scattering

p-wave elastic scattering

s      p transition at E=30 kV/cm

s-wave elastic scattering



• Alkali atoms in a magnetic �eld
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• Alkali atoms in electric and magnetic �elds
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z + Ŝ(b)

z ) − B

(
µ

(a)
I

I(a)
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Why electric �elds for Feshbach resonances?
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Why electric �elds for Feshbach resonances?

• Electric �elds can be tuned much faster than magnetic �elds

-Faster control over atom - atom interactions

• Structure of the separated atoms is not modi�ed

-Fewer decoherence issues

• Novel three-state resonances

-Two-dimensional control

• Anisotropic scattering at ultracold temperatures

- New interesting physics ?
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decay of metastable l-wave dimers can be mediated by
coupling to a quasi-bound g-wave molecular state above
threshold. Such a coupling with !! = 4 is su"ciently
strong. We have previously used this process for the de-
tection of l-wave molecules in the state 6l(3) in Ref. [40].
A more detailed analysis of this dissociation mechanism
will be presented elsewhere [44].

For imaging of the resulting atomic cloud, the atoms
are first pumped to the |4, 4! state using light close to
the F = 3 " F ! = 3 transition. The imaging light is
resonantly tuned to the closed |F = 4, mF = 4! " |F ! =
5, m!

F =5! optical transition, taking the Zeeman shift at
the imaging magnetic field into account.

IV. FESHBACH MOLECULE SPECTROSCOPY

The rich energy structure of Cs2 Feshbach molecules
requires flexible methods for determining the molecu-
lar energy spectrum. Previous studies on Feshbach
molecules have mostly addressed the last, most weakly
bound state responsible for the respective Feshbach res-
onance. Molecular binding energies have been mea-
sured by applying various methods either to atomic
[2, 18, 45, 46] or to molecular samples [6, 14, 40, 47].

In this Section, we present our results on spectroscopy
of weakly bound trapped molecules. We use two di#erent
techniques to measure the binding energies. Both tech-
niques are suitable for probing weakly as well as deeply
bound molecular states.

The first method (Sec. IVA) is based on a measure-
ment of the molecular magnetic moment [14]. Magnetic
moment spectroscopy is a very general method, indepen-
dent of selection rules and wave function overlap require-
ments. It can be applied to any molecular state and
thus is an important tool for molecular state identifica-
tion. The method in particular allows us to follow and
investigate the avoided level crossings between di#erent
molecular states. Transfers between di#erent molecular
states are observed as sudden changes of the magnetic
moment. In this way, we are able to completely map out
the molecular spectrum below the atomic scattering con-
tinuum, including three l-wave states, two of which had
so far not been discovered.

The second method (Sec. IVB) uses microwave radia-
tion to measure binding energies of trapped molecules
with very high precision. We use a microwave pulse
to drive a hyperfine transition from a molecular bound
state to a higher molecular bound state that is associated
with another channel of the electronic ground-state man-
ifold. Rapid spontaneous dissociation loss [48] provides
the spectroscopic signal.
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FIG. 6: (color online). Magnetic moment of Cs dimers across
the 6s ! 6g(6) ! 6l(4) molecular path. (a) The measured
magnetic moments (open squares) are compared to the NIST
calculations (dashed lines). The fast changes of the magnetic
moment at 18.5 G and 16 G result from the 6l(4)/6g(6) and
6s/6g(6) avoided crossings, respectively. (b) Molecular bind-
ing energies of the 6s, 6g(6) and 6l(4) levels calculated from
the NIST model; see also Fig. 1. The molecular path followed
in the measurement is indicated by the black arrow.

A. Magnetic moment spectroscopy

1. Bare energy levels

We measure the molecular magnetic moment using the
Stern-Gerlach e#ect. Optically trapped molecules are ini-
tially prepared in a single quantum state at a certain
magnetic field B by following the procedure described in
Sec. III. The molecular sample is then released from the
trap. It starts to expand while simultaneously a vertical
magnetic field gradient B! = "B/"z of typically 13G/cm
is turned on. During the time of flight, both the gravita-
tional and the magnetic force displace the center-of-mass
position of the molecular cloud along the vertical direc-
tion. The magnetic force acting on the molecules is given
by

Fz = µmolB
!, (2)

where µmol is the molecular magnetic moment. The ver-
tical relative displacement !zmol of the molecular cloud
with respect to the position after expansion at zero mag-
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Spectroscopy of Ultracold, Trapped Cesium Feshbach Molecules
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We explore the rich internal structure of Cs2 Feshbach molecules. Pure ultracold molecular sam-
ples are prepared in a CO2-laser trap, and a multitude of weakly bound states is populated by
elaborate magnetic-field ramping techniques. Our methods use di!erent Feshbach resonances as
input ports and various internal level crossings for controlled state transfer. We populate higher
partial-wave states of up to eight units of rotational angular momentum (l-wave states). We investi-
gate the molecular structure by measurements of the magnetic moments for various states. Avoided
level crossings between di!erent molecular states are characterized through the changes in magnetic
moment and by a Landau-Zener tunneling method. Based on microwave spectroscopy, we present
a precise measurement of the magnetic-field dependent binding energy of the weakly bound s-wave
state that is responsible for the large background scattering length of Cs. This state is of particular
interest because of its quantum-halo character.

I. INTRODUCTION

The possibility to associate molecules via Feshbach res-
onances in ultracold gases [1] has opened up new av-
enues of research. The demonstration of coherent atom-
molecule coupling [2], the creation of pure molecular sam-
ples from atomic Bose-Einstein condensates [3, 4, 5], and
the formation of ultracold molecules from atomic Fermi
gases [6, 7, 8, 9] paved the way for spectacular achieve-
ments. Prominent examples are the observation of molec-
ular Bose-Einstein condensation [10, 11, 12] and the cre-
ation of strongly interacting superfluids in atomic Fermi
gases [13]. Ultracold molecules have also opened up new
ways to study few-body physics with ultracold atoms
[14, 15]. In optical lattices, controlled molecule formation
[16, 17, 18] has been the experimental key to create novel
correlated states in a crystal-like environment [19, 20].

A Feshbach resonance [21, 22] arises when a bound
molecular dimer state is magnetically tuned near a two-
atom scattering state, leading to resonant atom-molecule
coupling. The molecular structure and in particular the
molecular state that interacts with the atomic thresh-
old determine the character of a particular Feshbach res-
onance [1]. The rotational angular momentum of the
molecular state, characterized by the rotational quantum
number !, plays a central role. Various types of Feshbach
molecules ranging from dimers in s-wave states (! = 0)
to dimers in g-wave states (! = 4) have been realized [1].

For experiments with molecular quantum gases, cesium
is particularly rich as it o!ers a unique variety of di!er-
ent Feshbach resonances and molecular states [23]. Pro-
nounced relativistic e!ects lead to strong higher-order
coupling between atom pairs and molecules and between
di!erent molecular states. For achieving Bose-Einstein
condensation in cesium [24], the detailed understanding
of the complex molecular structure was a crucial factor.
The interaction properties of cesium atoms were char-

acterized by Feshbach spectroscopy in a series of atom
scattering experiments performed at Stanford University
[23, 25, 26]. In these experiments the magnetic field posi-
tions of many Feshbach resonances up to g-wave charac-
ter were measured. This provided the necessary experi-
mental input for theoretical calculations of the molecular
energy structure [23, 27], performed at the National In-
stitute of Standards and Technology (NIST). In the fol-
lowing, we will refer to the cesium molecular structure as
presented in Ref. [23] as the “NIST model”. It represents
the current knowledge of the structure of weakly bound
molecular states, and thus constitutes the theoretical ba-
sis for the experiments discussed in this work.

In this Article, we report on a thorough investiga-
tion of the energy structure of weakly bound Cs2 Fesh-
bach molecules. Our experiments are performed on ul-
tracold molecular samples confined in a CO2-laser trap
[14, 28, 29, 30] and extend previous work [23] in three
important ways. First, we show how any of the weakly
bound molecular states can be populated based on elabo-
rate time-dependent magnetic field control. Spectroscopy
performed on various molecular states confirms the main
predictions of the NIST model and provides input for fur-
ther refinements of the model. Second, we demonstrate
how one can indirectly populate states with high rota-
tional angular momentum of ! = 8 (l-wave states) by
taking advantage of avoided level crossings with ! = 4
(g-wave) states. For these l-wave states, direct Fesh-
bach association is not feasible because of negligible
coupling with the atomic scattering continuum. Third,
spectroscopy on avoided crossings between bound states
yields precise information about the coupling strengths
between molecular states.

In Sec. II, we first review the energy structure of weakly
bound Cs2 dimers. In Sec. III, we address the preparation
of molecular samples, detail our techniques to transfer
molecular samples to various internal states, and present
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Collisions of ultracold atoms in RF fields



Schmiedmayer experiment: 
static fields = 100 mG to < 100 G

rf fields ~ Rabi frequency up to 30 G 



RF fields are easy to tune

• Rabi frequency

• RF frequency

• Superposition of different RF modes

Questions:

• Can Feshbach resonances be induced with RF radiation fields?

• Why are RF-field-dressed atoms immune to inelastic collisions?



Alkali atoms in magnetic and RF fields

85Rb atom in a
magnetic field 



Turning on the RF field (w=7 MHz)



Turning on the atom-field coupling (BRF =1 G)
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Alkali atoms in magnetic and RF fields

85Rb atom in a
magnetic field 



Interaction potentials between two Rb atoms
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Collisions of Polar Molecules in Electric Fields



Spectroscopy of laser-ablated buffer-gas-cooled PbO at 4 K and the prospects

for measuring the electric dipole moment of the electron

Dima Egorov,1 Jonathan D. Weinstein,1 David Patterson,1 Bretislav Friedrich,1,2 and John M. Doyle1
1Department of Physics, Harvard University, Cambridge, Massachusetts 02138

2Department of Chemistry and Chemical Biology, Harvard University, Cambridge, Massachusetts 02138

!Received 10 October 2000; published 14 February 2001"

We demonstrate production of cold lead monoxide !PbO" molecules by laser ablation in a cryogenic cell
filled with helium buffer gas and cooled by a cryostat to a temperature of 4 K. The molecules are probed by

laser-induced fluorescence excited in the X!B band. The molecules thermalize with the buffer gas, both

translationally and rotationally, in less than 30 ms after the ablation pulse. A single ablation pulse fired at the

solid PbO sample yields about 1012 cold molecules. We present an analysis indicating that buffer-gas cooled

PbO molecules excited to either the a or B state could be effectively used to search for the permanent electric

dipole moment of the electron.

DOI: 10.1103/PhysRevA.63.030501 PACS number!s": 33.20.Kf, 34.90.!q, 13.40.Em, 14.60.Cd

The search in progress for the electric dipole moment of

the electron is a crucial test of time reversal symmetry that

could shed light on the baryon asymmetry of the universe

#1$. Currently, the experimental upper bound on a possible
permanent electric dipole moment !EDM" of the electron is
about 4"10#27e cm !i.e., 1.6"10#18 D" #2$, sufficient to
narrow the range of theoretical contenders for particle phys-

ics beyond the standard model #3$. Improving the bound by
tenfold or more is a prospect and would provide a much

more stringent test of theoretical predictions. Some of the

promising experimental approaches employ molecules

#4–6$. Within molecules containing a high-Z atom, such as
YbF #7$ or PbO #8$, an unpaired electron is subject to a huge
effective internal electric field, of the order 10 GV/cm

#10,11$. The EDM experiment requires spatially polarizing

the electron spin and also orienting the huge internal field.

The internal electric field can be oriented in the laboratory

frame by orienting the molecular axis. An interferometric

technique can then be used to search for tiny frequency shifts

associated with reversing the field directions; see, e.g., #6$.
The orientation of the molecular axis is characterized by

%cos &', the expectation value of the cosine of the polar angle
& between the molecular axis and the external electric field.
In the EDM search it is desirable to have the largest feasible
magnitude for %cos &'. This can be attained either by making
the molecules pendular in a strong field !typically of about
10 kV/cm", or, in the case of symmetric top molecules or
equivalent, by exploiting the first-order Stark effect !the req-
uisite field strength can be as low as 1 V/cm #9$. Sizable
values of %cos &' can be readily attained for the low rota-
tional levels. However, in the molecular beam #7$ or vapor
cell #8$ techniques so far used these levels are sparsely popu-
lated. Also, the thermal velocities of the molecules limit the
time available to produce observable interferometric phase
shifts. Cooling the molecules could thus greatly enhance the
EDM experiment.
Recently, we developed a technique of cooling molecules

for both trapping #12$ and spectroscopy #13$. This technique,
buffer-gas cooling #14$, relies on thermalization of the spe-
cies to be cooled via collisions with a cold buffer gas that is

maintained, in turn, by a cryogenic device. The buffer gas

serves to dissipate both the translational and internal energy

of the molecules. At temperatures of (1 K, all stable sub-
stances except for He have negligible vapor pressure. We

found that laser ablation represents a means to bring the spe-

cies to be cooled into the gas phase within the cryogenic

environment. It is also possible to ‘‘prepare’’ molecules, of

varying complexity, by ablating a suitable precursor #15$.
Another technique of introducing gases into the cryogenic

environment is being developed in our laboratory, the cou-

pling of a molecular beam to the cryogenic cell.

Both in a vapor cell and in a buffer gas only low electric

fields !of up to about 30 V/cm" can be applied without caus-
ing an electric discharge #16$. Therefore, in these types of
experiment molecular orientation by the first-order Stark ef-

fect is assumed to be the only option. This, in turn, limits the

electronic states considered for such experiments to those

that belong to Hund’s cases !a" or !c", usually found among
the electronically excited states of linear molecules.

We also note that a 2S!1) state !with S* 1
2 ", which fre-

quently occurs in ground electronic states, can also be ori-

ented using a weak electric field. This is achieved by com-
bining such an electric field with a magnetic field in a
process dubbed steric proficiency #17,18$. In a magnetic
field, various pairs of Zeeman states with opposite parity
become degenerate !i.e., they cross" at certain values of the
magnetic field. Introducing even a weak electric field con-
nects such states, producing a first-order Stark effect that
then markedly sharpens the orientation of the molecule.
In this paper we report an experiment that demonstrates

the production of PbO molecules by laser ablation and their
thermalization with a cold He buffer gas. The molecules
were detected by time-resolved laser-induced fluorescence
spectroscopy in the B!X band and their translational and
rotational temperatures were determined. The molecules
were found to thermalize with the buffer gas, maintained at
4.2 K by a He cryostat, on a millisecond time scale !about
100 elastic PbO-He collisions for an assumed initial tem-
perature of 1000 K suffice to cool PbO #12$". About 1012

thermalized PbO !X 1) , v!$0" molecules were produced by
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2 ", which fre-
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field, various pairs of Zeeman states with opposite parity
become degenerate !i.e., they cross" at certain values of the
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nects such states, producing a first-order Stark effect that
then markedly sharpens the orientation of the molecule.
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were detected by time-resolved laser-induced fluorescence
spectroscopy in the B!X band and their translational and
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were found to thermalize with the buffer gas, maintained at
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Do electric fields affect spin relaxation?

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



Spin relaxation is suppressed

T.  V.  Tschebul and RK, PRL 97, 083201 (2006).  



Strong electric fields might facilitate evaporative 
cooling of polar molecules in a magnetic trap!

T.  V.  Tschebul and RK, PRL 97, 083201 (2006).  



Enhancement of spin relaxation

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



Enhancement of spin relaxation

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



Enhancement of spin relaxation (a 3D view)



Cold collisions in crossed fields



Cold collisions in crossed fields



Cold collisions in crossed fields (3D view)
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Chemical reactions of alkali metal dimers

Will ultracold polar dimers react?



2 LiCs

Li2 + Cs2
581 K

2 LiK

Li2 + K2
756 K

2 LiNa

474 K
Li2 + Na2

2 NaCs

Na2 + Cs2

342 K

2 NaRb

Na2 + Rb2

67 K

2 RbCs

Rb2 + Cs2

40 K



HOW I TRIED TO DO CALCULATIONS ON ALKALI DIMERS 7

Figure 6. Rb+RbCs!Rb2+Cs, energies in cm!1

Figure 7. RbCs+Rb!Rb2+Cs.

Rb + RbCs               Rb2 + Cs

Calculation by Girts Barinovs
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Transition state

4 ĢIRTS BARINOVS AND JACEK, ROMAN

Figure 3. Transition state

along the reaction path and I have repeated CASPT2 calculation (which is fastest)
with larger number of active orbitals, namely, I added next px, py, pz orbitals for
each atom. Both calculations agree quite well. The resulting potential is deeper an
the barrier almost goes away, see Fig. 4. The calculated AQCC CI dipole moment
is shown in Fig. 5.

Similar calculation was done for Rb+RbCs!Rb2+Cs. Reaction is exoergic
releasing 153 cm!1 energy. MRCI gives 212 cm!1 and CASPT2 calculation gives
187 cm!1. A 350 cm!1 deep potential well with no barriers was found shifted a
bit to the exit channel. This calculation is done with valence orbitals only in the
active space. The calculated dipole moment is shown in Fig. 7

I also looked at LiCs+LiCs!Li2+Cs2 reaction. According to experimental data
the reaction is exoergic releasing energy of 415.75 cm!1. There are less electrons
than for RbCs+RbCs!Rb2+Cs2. However Li atom is very di!erent from Cs and
that creates di"culties for balanced description of the molecules. Namely, if one
could hope that errors made for the RbCs description are similar to those made
for Rb2 or Cs2 then for LiCs such assumption does not work. For the calculation



Ultracold chemical reactions of alkali metal dimers, when 
allowed, will be very efficient!



Conclusions
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• Electric-field-control of molecular spin relaxation
• May facilitate evaporative cooling of molecules
• May be used to control bi-molecular reactions 
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