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Outline

• resonant scattering: weakly bound dimer 
molecules and the appearance of Efimov states

• three-body recombination theory

• our system: ultracold gases of Cs atoms

• atom-dimer scattering

• experimental results for three-body recomb.

• Cs atoms in optical lattices 



molecular structure: resonant scattering
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relevance of resonant scattering to BEC
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molecular structure: resonant scattering
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„above threshold“
level

a > 0: stable BEC a < 0: unstable BEC 

Is there a way to tune a through resonance?



molecular structure: resonant scattering
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molecular structure: resonant scattering
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Fano-Feshbach resonance
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molecular structure: single channel description
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for sufficiently strong coupling: single channel approach possible

T. Koehler, K. Goral, P. S. Julienne, Rev. Mod. Phys. 78, 1311 (2006).
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molecular structure: wavefunction
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„quantum halo states“:
deuteron, He2, 
Feshbach molecules !!!
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energy

quantum states near two-body resonance

weakly
bound
dimerfinally, the molecule will break apart

The generic two-body resonance
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energy

quantum states near two-body resonance

weakly bound trimer

even more weakly
bound trimer

infinite series of weakly bound trimer states
for resonant two-body interaction

„Efimov states“

infinite series of weakly bound trimer states
for resonant two-body interaction

„Efimov states“

×22.7

×(22.7)2

Quantum states near a two-body resonance

Efimov 1971

a < 0 a > 0

a/1



Effective 1/R2 potential 

hyperspherical wave function as a function of

hyperradius

effective radial Schrödinger
equation for r0 << R << a

number of Efimov states

r0 a

R

E

1st Efimov state

2nd Efimov state

review: E. Braaten and H. Hammer
Physics Reports 428, 259 (2006)

Effective 1/R2-potential for the 3-body problem
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energy

Efimov statesEfimov states

three atoms couple to an
Efimov trimer:

„Tri-atom Efimov resonance“

three atoms three atoms couplecouple to anto an
Efimov trimer:Efimov trimer:

„„TriTri--atomatom Efimov resonance“Efimov resonance“
one atom and a dimer couple to an
Efimov trimer:

„Atom-dimer Efimov resonance“
in analogy to Feshbach resonances

one atom and a dimer one atom and a dimer couplecouple to anto an
Efimov trimer:Efimov trimer:

„Atom„Atom--dimer Efimov resonance“dimer Efimov resonance“
in analogy to Feshbach resonancesin analogy to Feshbach resonances

Efimov states: properties

a < 0 a > 0

a/1



candidate systems for Efimov states

nuclear physics

halo nuclei with many neutrons:
e.g. 14Be, 18C, 20C

best candidates: core + n + n
simplest case: triton

Review: A. S. Jensen et al., RMP 76, 215 (2004)

Candidate systems for Efimov states



candidate systems for Efimov states

atomic physics: 4He3

Beams with He, He2, He3,...

He2: binding energy 1.1 mK, <r> = 5.2 nm
He3: binding energy 126 mK, <r> = 0.96 nm

Efimov-He3: binding energy 2.3 mK, <r> = 7.8 nm

J. P. Toennies et al, PRL 95, 063002 (2005)

Candidate systems for Efimov states



the probe

three-body recombination
for positive scattering lengths: formation of the weakly bound dimer

ultracold atomic gases: signature of Efimov states

for negative scattering lengths: population of deeply bound dimers states



energy

Efimov statesEfimov statesThree-body recombination

deeply bound dimer

a < 0 a > 0

a/1



three-body recomb. theory basics

L3: three-body loss coefficient  [cm6/s] 

Fedichev et al., PRL 77, 2921 (1996)
prediction of a4 scaling a >> r0, C ~ 4

Nielsen & Macek, PRL 83, 1566 (1999)
Esry et al., PRL 83, 1751 (1999)
Bedaque et al., PRL 85, 908 (2000)
Braaten & Hammer, PRL 87, 160407 (2001) 

C = C(a)
with upper limit ~70 for a > 0

oscillatory behavior
× eπ ~ 22.7

Three-body recombination: theory basics



Esry-Greene theory

PRL 83, 1751 (1999) numerical calculations for model potentials

definition of
a recombination length

L3~a4
L3~a4

destructive
interference effect

destructive
interference effect

Efimov resonance !Efimov resonance !

Esry-Greene theory
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Molecular energy structure for Cs2: the weakly bound dimer
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P. Julienne, E. Tiesinga



Cs molecular structure simplified

E

B

20 kHz

0

two-channel problem

70 MHz

20 G-12 G

Cs molecular structure simplified



Cs molecular structure simplified

E

B

Where do the Efimov states show up?

not to scale T. Köhler, see next talk



magnetic tunability of Cs
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good chance to find a tri-atom Efimov resonance !good good chancechance to find a to find a tritri--atomatom Efimov resonance !Efimov resonance ! E. Tiesinga et al.

accessible range for the scattering length

some chance to find an atom-dimer Efimov resonance !some some chancechance to find an atomto find an atom--dimer Efimov resonance !dimer Efimov resonance !
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Three-body loss measurement

Fit γ ~ L3

anti-evaporation and
recombination heating
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experimental results

L3=1*10-28 cm6/s 

L3=6*10-22 cm6/s 

Nature 440, 315 (2006)



loss minimum

three-body loss after 200ms storage in recompressed trap

minimum at 210aminimum at 210a00!!

half Efimov period (22.71/2) observed: min.-max. loss !

optimization of evaporative cooling towards BEC -> 200...250a0

three-body loss minimum



continuum resonance
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resonance shiftResonance shift



energy

Efimov statesEfimov statesEfimov states: connection to atom-dimer scattering

a < 0 a > 0

a/1



P. Julienne, E. Tiesinga
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State preparation for Cs2
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10% efficiency for molecule production,
nearly 100% efficiency for molecule transfer
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2 x 105 atoms
3-5 x 103 dimers

No blast beam
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nA(D) : atom(dimer) density
R: atom-dimer collisional loss rate

Na-Na2: Mukaiyama et. al., PRL 2004, 87Rb-87Rb2: Syassen et. al., PRA 2006

Dependence on scattering length ?
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Atom-dimer inelastic collision rate

• Resonant enhancement !!!
• Coupling to a trimer state ?
• Efimov physics ? 
• Universal regime ?

• Temperature dependence 
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Braaten & Hammer, cond-mat/0610116
400 a0

• a>>r0
• Cs: r0 ~100 a0



Nature. 415 39 (2002)

87Rb
Munich
Mainz

23Na (MIT) 40Ka 
(ETH)

Molecules 87Rb (Munich, Innsbruck)

Nature 441, 854 (2006)

cond-mat/0612148

Mixture 87Rb / 40Ka (Hamburg, ETH, Mainz)

Phys. Rev. Lett. 96, 180402 (2006)

Phys. Rev. Lett. 96, 180403 (2006)

Optical lattices



Tunability
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Tunability
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Tunability and abundance of molecular states
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Experimental setup

oven section Zeeman slower glass cell & coils

glass cell

gradient+offset

coils offset field gradient field

dipole trap atoms

25 beams



levitated

BEC 10 a0

Experimental setup

oven section Zeeman slower glass cell & coils

BEC: 

levitated

expansion

at 100 a0

BEC: 

levitated

expansion

at 10 a0



Optical lattice

fiber

amplifier

P<20W @ 1064nm

1 kHz linewidth

(design H.Zellmer IAP Jena)

beams

waist 500μm

external confining potential 

not modified due to lattice

-110 MH z

-110 MH z

+105 MH z +110 MH z



Mott-insulator transition: ramping the lattice depth

a = 210a0

a = 400a0

a = 100a0

8Er 16Er 8Er 0Er0Er

Lattice depth

time16 Er



Mott-insulator transition: ramping the lattice depth
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Excitation spectrum

lattice depth 13 Er

lattice depth modulation



Mott-insulator transition: ramping the interactions

70 a0 110 a0 160 a0 70 a0 no lattice70 a0

190 a0 250 a0 340 a0 420 a0

for larger scattering lengths: we do not recover interference. Heating?

larger scattering lengths: requires jump across a narrow Feshbach resonance





outlook I

takingtaking fullfull advantageadvantage of Cs of Cs tunabilitytunability

our expts
so far

the ideal
Feshbach resonance
for Efimov physics ?!

cancan wewe seesee thethe fullfull
Efimov Efimov periodperiod (x22.7) ?(x22.7) ?

Outlook 1



outlook III

FewFew--bodybody physicsphysics & Efimov states in an & Efimov states in an opticaloptical latticelattice

λ/2

associationassociation and and 
detectiondetection of Efimov of Efimov trimerstrimers

Stoll & Köhler, PRA 71, 022714 (2005)

making Efimov trimers in
an optical lattice

85Rb

Outlook 2



ultracold.atoms Innsbruck
3 Cs teams
• Cs BEC & ultracold molecules: T. Kraemer, M. Mark, J. Danzl, H. Schöbel, 

S. Knoop, F. Ferlaino, HCN, R. Grimm
• Rb-Cs mixtures: B. Engeser, K. Pilch, A. Lange, A. Prantner, 

HCN, R. Grimm
• Cs in optical lattices: M. Gustavsson, E. Haller, G. Rojas-Kopeinig, 

M. Mark, HCN 

3 Cs teams
• Cs BEC & ultracold molecules: T. Kraemer, M. Mark, J. Danzl, H. Schöbel, 

S. Knoop, F. Ferlaino, HCN, R. Grimm
• Rb-Cs mixtures: B. Engeser, K. Pilch, A. Lange, A. Prantner, 

HCN, R. Grimm
• Cs in optical lattices: M. Gustavsson, E. Haller, G. Rojas-Kopeinig, 

M. Mark, HCN 
the Cs coolersthe Cs coolersthe Cs coolers

funded by bm:bwkand 
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