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Motivation: 

Few-body physics with Feshbach molecules (all ultracold)!

Can we ?? 



Welcome to the ultracold-atom world!

Scattering completely s-wave dominated: 
                      s-wave scattering length a !! 

€ 

σ el =
8π
k 2

(2l +1)sin2δl∑ (k)→
k→0
( l= 0)

8πa2



Welcome to the ultracold-atom world!

MILESTONES IN THE FIELD (ultracold gases) 
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(much more than this..) 



TEMPERATURE 
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Welcome to the ultracold-atom world!

GEOMETRY 

crossed-beam 
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ωy  ≈  ω z ≈ ωx 
„pancake“ trap 

1D lattice 3D 2D 1D 

INTERACTIONS 
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Interaction strength a 
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•  spin dynamics 
•  recombination 

•  Feshbach res. 
•  Efimov trimers  
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Ultracold few-body physics: a simple introduction 
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Atom-Molecule 

•  relaxation 

•  Efimov trimers 

Molecule 

•  relaxation 
•  fragmentation 
•  quantum halo  
   scattering 

•  “polymer”  
  formation 

INELASTIC COLLISIONS: 

 PROBE FOR NEW    
FEW-BODY STATE  

CONNECTED 
BY 

UNIVERSALITY !! 

Ultracold few-body physics: a simple introduction 

2/3      3        4-body !



2-body universal state: QUANTUM HALO DIMER!

r 

ψ(r)

weakly bound last level: 

scattering length  a>>r0 
binding energy  Eb = - h2/(ma2) 

a system with universal properties !!! 
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Simplified picture 
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ψ(r)U(r) 

r 
example: halo regime for 
Cs2 dimers 

sc. length     a >> rvdw = 100a0 

binding en.   
Eb << Evdw = h × 2.7 MHz  

Simplified picture 

2-body universal state: Tunable HALO DIMER!

s-wave state 
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Universal regime  |a|>>r0 

➾      Weakly bound trimers   
a<0 without pairwise binding 

Borromean 
region 
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energy 
a < 0 a > 0 

X 22.7 

X (22.7)2 

3-body universal state: EFIMOV TRIMERS!

See Jose D’Incao talk 



Borromean region 
trimers without 
pairwise binding 

1/a 

energy 
a < 0 a > 0 

Can we observe Efimov physics ? !

➾  Can we go further ?                    

 atom-dimer mixture: losses 

Atom- dimer 
Efimov 

resonance 

Three- atom 
Efimov 

resonance 
10nK 

200nK 

Efimov resonance 

L3=1.33*10-28 cm6/s  

L3=5.69*10-22 cm6/s  

T. Kraemer et al. , Nature 440, 315-318 (2006) 
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1/ 4

Braaten-Hammer 
theory 

 Atomic sample: !
3-body recombination !

ħ

3-body universal state: EFIMOV TRIMERS!

See Jose D’Incao talk 
  

€ 

L3 = 3C(a) 
m
a4



(RELAXATION) 



atom-dimer collisions!

  relaxation into deeply bound dimer states!

 trap loss!

  lifetime measurement!

universality  
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energy 
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Nielsen, Suno, Esry, PRA 66, 012705 (2002) 
Braaten & Hammer, PRA 70, 042706 (2004)  
D‘Incao & Esry, PRL 94, 213201 (2005) 
Braaten & Hammer, PRA 75, 052710 (2007) 

Enhancement when coupled to Efimov trimer 

Efimov 

Fixed a 



exp. results !!

T = 40nK 
T=200nK 

ATOM-DIMER RESONANCE !! 



Universal and Efimov physics: conclusions 

1/a 

energy 
a < 0 a > 0 

Atom- dimer 
Efimov 

resonance 

open issues: 
•  universal regime ?  a>>r0, r0 ~100 a0 
•  connection with  the triatomic Efimov state ? 
•  theoretical model: decay channels 
• transition universal to non-universal regime 

Three- atom 
Efimov 

resonance 

resonance  
at - 850a0 

resonance  
at 400 a0 



(RELAXATION) 

4 28.3 G 

45.6 G 



non-halo 

120 nK 

B-dependence,  a-dependence 

halo 

Quantum halo dimers for a>>r0 : 
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Private comm. D. Petrov, et al. 

universality 

•  a-dependence 
•  existence of a minimum 

 Controlled reactions at ultracold temperatures (magnetic field) 
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Ferlaino et al., PRL 101, 
023201 (2008)!



T-dependence ? !

g-wave 

four-body physics 

Collision energy: lowest energy scale ??  
 kBT<<EB   
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2-body reaction cross section (Wigner 1948) 
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Ferlaino et al., PRL 101, 
023201 (2008)!



(TETRAMER) 

4 
Hammer and Platter, Eur. Phys. J. A 32, 113 (2007) 

D‘Incao, Stecher, and Greene, talk at DAMOP 2008 

what do we understand ? 
is a 4-body parameter needed ?  
question under debate 
energy spectrum of these states ? 
first, preliminary calculations available 

universal 4-body states should exist ! 

Yamashita et al., Europhys. Lett. 75, 555 (2006) 
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DIMER –DIMER RESONANCE (HALO dimer ) 

crossing with 4-body state ? 



initial state 

Driving a resonant coupling between two 
states via an oscillating magnetic field  

B 
E 

state: atomic, bi-atomic, tri-
atomic,…. 

+ 

puzzling 4-body observations in Cs (WORK IN PROGRESS) 

attempt to do 
“wiggle” spectroscopy: 

avoided crossing with 
4-body state ??? 

D + A +A 

Possible interpretation (we just speculate) 

Preliminary 
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Ultracold Quantum Chemistry with Feshbach Molecules!
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(UNEQUAL LARGE SCATTERING LENGTHS) 
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Inelastic relaxation 
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|3,3> 
? NO! 

|4,3> + |3,3>|3,3> → |3,3> + |3,3>|4,3>  

ultracold exchange reaction ! 

 with the (BIG) help J.  D’Incao & B. Esry 

                  (PRODUCTS ARE CHEMICALLY DISTINCT FROM REACTANS) 

Ultracold Quantum Chemistry with Feshbach Molecules!
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Exchange reaction 
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|4,3> + |3,3>|3,3> → |3,3> + |3,3>|4,3>  

Theory J.  D’Incao & B. Esry 

|4,3> + |3,3> 

|3,3>+|3,3>  

|4,4> + |3,3> 



|4,3> + |3,3>|3,3> → |3,3> + |3,3>|4,3>  

Same for  
|4,2> + |3,3>|3,3> → |3,3> + |3,3>|4,2> 

 with D’Incao & Esry “Ultracold quantum chemistry” 

Evidence for Ultracold Exchange Reaction !!



Summary and outlook… 

•  Few-body physics with ultracold Cs atoms and molecules 
                (atom-dimer resonance, dimer-dimer collisional suppression) 

E. Tiesinga et al. 

•  800-G Feshbach resonance  
                (deeper into universal regime,  second Efimov 
                resonance)  

Francesca.Ferlaino@uibk.ac.at 

•  Feshbach resonance: 
 coupling two atoms to bound dimer state 
 enormous impact on ultracold physics in last few years 

•  Efimov resonance: 
 coupling three atoms to bound trimer state 
 connects ultracold world to few-body quantum physics 
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