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A Magnetic handle in ultracold gases

• What is Feshbach resonance
– Single channel scattering

– Two channel scattering

• Li2 molecules (open channel dominated)
– Atom-molecule thermalization

– Collision properties of molecules

– Precision molecular spectroscopy

– Pairing gaps and collective modes (TOMORROW)

• Cs2 molecules (closed channel dominated)
– Highly rotation molecules (G- and L-wave)

– Observation of Cs4 quantum states

– Molecule interferometry
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Typical Feshbach resonances in cold atoms

atomic separation

potential Open channel
Singlet potential with a

foreigh bound statae

Experimental observables
1. Inelastic and inelastic cross sections

2. Mean-field shifts and many-body effects

3. Pairing of atoms

φ
Closed channel

Triplet potential

Feshbach coupling
Hyperfine interaction

Feshbach tuning
Zeeman effect

Resonant scattering (single channel)
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Two-channel box model
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Scattering length and bound state
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Example: Li2 and K2 molecules
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Mixing fraction
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Q scattering calc.
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6Li experiment
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|2> = |2s, ms=-1/2, mi=0>
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834G

Li Experimental  Setup

• Resonator set up at Brewster’s angle. Opt. Lett 26, 1837 (2001)

• Efficient loading into the optical trap: ~ 107 thermal atoms

Time Evolution

Absorption images
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B = 690 G:

mol. bind. energy Em= kB 8µK

>> therm. energy kBT = kB 2.5µK

Exp: S. Jochim et al.PRL 91, 240402 (2003)

0 1 2 3
0

50

100

150

200

250

a
to

m
n

u
m

b
e

r
(1

0
4
)

time (s)

2N
molecule

N
atom

N
total

Atoms ↔ molecules: thermalization

50 0 -50

0

1

Atom→molecule: recombination

Li+Li+Li → Li2+Li

Thermal equilibrium

NM /NA = φA eEm/kT

φ: phase space density

Theo: C. Chin and R. Grimm, PRA (2004)
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Molecule→ Atom: coll. dissociation

Li2+Li2 → Li2+Li+Li

Collision properties of molecules
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Experiment:

Long lifetimes near the resonance!!

> 40s at 764G

< 100ms below 500G

Theory:

decay rate: C re (re/a)2.55

Mol. scattering length am=0.6a

Petrov et al ´04

Small a

Large binding energy

atom-molecule conversionmolecule decay
Large a

Small binidng energy
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rf

Molecular binding energy: RF spectroscopy

State 3 is initially unpopulated

f atom= E23

fmolecule = E23+Eb+2EK

Eb

•

3001500
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binding energy

720 G

Applications of RF spectroscopy

T ≈ 40µK

T ≈ 3µK

T ≈ 0.05µK
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1. Distinguish atoms and 

weakly bound molecules

Also by Jin group at JILA

3. Observation of 

Fermionic pairing 

gap

Outside

the scope

of this talk.

Please see

C. Chin et al.,

Science 04

Lineshape theory
C. Chin and P. Julienne

PRA 71, 012713

(2005)

Cooperation: A. Simoni, E. Tiesinga

and P. Julienne, NIST

2. Precision molecular

spectroscopy

Experiment:
M. Bartenstein et al,

PRL 94, 103201

(2005)

134(2) kHz

277(2) kHz

binding energy



8

Bound-free and bound-boud transitions
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EXPERIMENT:

Bound-free transitions

720.13(4)G RF:82.593(2)MHz

694.83(4)G RF:82.944(2)MHz

Bound-bound transitions

676.09(3)G RF:83.2966(5)MHz

661.44(2)G RF:83.6645(3)MHz

Precision determination of scattering properties without collisions!!

THEORY (Simoni, Tiesinga, Julienne)

as=45.167(8)a0, aT=-2140(18)a0

Feshbach resonance positions

|1>+|2>: 834.1±1.5 G

|1>+|3>: 690.4±0.5 G

|2>+|3>: 811.2±1.0 G

⇒⇒

Breif summary on Li2 moleculese

• Molecule formation by recombination and thermal equilibrium

– Efficient atom-molecule conversion when kT<<Em

• Collisional stability with positive scattering length

– Evaporation to BEC and BEC-BCS crossover (tomorrow)

• Precision molecular RF spectroscopy

– Precise determination of the molecular energy structure

– Pairing gap (tomorrow)

• Collective modes and Fermionic hydrodynamics (tomorrow)
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Experiments on Cs2 molecules

G-wave molecules: orbital angular momentum L = 4 hbar

G-wave resonance: coupling which changes L by 4hbar

due to high order spin-orbit interaction

6g molecules

3D optical

lattice

Raman-sideband cooling

optical pumping

MOT

MOT

CO2

B(z)

B´(z)

CO2

Crossed CO2 Lev Trap
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Stern-Gerlach separation (5/2003)

OD

240 µm

dB/dz=31.3 G/cm 31.3 G/cm 50.3 G/cm

60,000 atoms

µ=0.755 µB

3,000 (10%)

molecules

µ=0.95 µB

Science ‚03

Also from Rb2 7% (MPQ), Na2 5% (MIT).

µdB/dz

mg

µdB/dz

2mg

mapping out the avoided crossing

theory by E. Tiesinga et al., NIST

levitation condition ⇒ magnetic moment (precision 1%)

2ms
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Convert 4g moleules to 6g molecules

data

from

NIST

group

avoided crossingsavoided crossings

Feshbach resonances of Cs4 molecules
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Binary decay constant:

6g mF=6 3×10-11cm3/s

4g mF=4 5×10-11cm3/s

on resonance 2×10-10cm3/s

(unitarity limit) 4×10-10cm3/s

density dependence

resonance structure

⇒
molecular Feshbach resonances

induced by Cs4 states

What happened here?

Non-exponential decay
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Landau-Zener → coupling strength

coupling strength

Ω ≈ 2π×32(2)kHz

coupling strength

Ω ≈ 2π×32(2)kHz

ramp time (s)

filled circles: 6l6l statestate

open circles: 4g state

fastfast slowslow

molecular beam splitter: coherence ?molecular beam splitter: coherence ?
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interferometer
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After some struggle... It worked!!
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“This is called Stückelberg oscillations!”

hold
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Stückelberg oscillations
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∆B= ~ 180mG

∆B= ~ 150mG

∆B= ~ 100mG
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molecule interferometer for future precision experiments !molecule interferometer for future precision experiments !

cool pix

Efficient creation of S-, G- and L-wave molecules

Precision determination of Ψ(r), Eb, µ, a of molecules

Tetramer states and molecule interferometry

Molecules in many-body regime.

Efficient creation of S-, G- and L-wave molecules

Precision determination of Ψ(r), Eb, µ, a of molecules

Tetramer states and molecule interferometry

Molecules in many-body regime.

Conclusion

Cold molecules roadmap

Formation → single molecule → two- and many-body → applications

Cold molecules roadmap

Formation → single molecule → two- and many-body → applications
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What is this mysterious state?

Date: Mon, 10 May 2004 14:41:24 -0400

From: Eite Tiesinga <eite.tiesinga@nist.gov>

To: Cheng Chin <Cheng.Chin@uibk.ac.at>

Subject: Re: paper

Dear Cheng,

I am very confused. My initial Mtot idea does not work. Ie. the splittings

are no more than a few ten's of Gauss, which is much smaller than

11.5-10=1.5 G. Are you absolutely sure about you B-field?(Sorry).

Eite

Date: Thu, 21 Oct 2004 16:07:00 -0400

From: Eite Tiesinga <eite.tiesinga@nist.gov>

To: Paul Julienne <Paul.Julienne@nist.gov>

Cc: Cheng Chin <Cheng.Chin@uibk.ac.at>, Rudi Grimm

<rudolf.grimm@uibk.ac.at>

Subject: cesium mystery solved by l=8 bound state

….

The visit by Cheng has solved the mystery Cesium molecular state.

I had made a mistake in interpreting my own data. When looking

again we found an l=8 f=6 zero-field bound state at approx -15 MHz.

……

A New Problem:

How do we call an L=8 state?

From: "Charles W. Clark" <charles.clark@nist.gov>

Date: October 21, 2004 12:03:38 PM EDT

To: "'paul.julienne@nist.gov'" <paul.julienne@nist.gov>,

"'eite.tiesinga@nist.gov'" <eite.tiesinga@nist.gov>

Cc: wmartin@nist.gov

Subject: The answer

I believe the answer is

s p d f g h i k l m n o q

don't know how it proceeds afterward. Perhaps Bill can comment.

Charles W. Clark

From: Cheng Chin [mailto:Cheng.Chin@uibk.ac.at]

Sent: Wednesday, November 10, 2004 16:09

To: Paul S. Julienne; Eite Tiesinga

Cc: Rudolf Grimm; Charles W. Clark; Christoph Naegerl

Subject: s p d f g h i k l m n o q r t u v w x y z

Hi folks,

I found the reference for the spectroscopy notation in

Phys. Rev. 33, 900.906 (1929), "Report on Notation for Atomic Spectra"

by H. N. Russell, A. G. Shenstone, and Louis A. Turner

It is s p d f g h i k l m n o q r t u v w x y z.

There is no j as Charles said.

……

So we have ultracold L-wave molecules. ☺




