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•  review of scattering theory phenomenology: 
o  scattering f-amplitude, T-, S-matrix, phase shift  
o  low energy scattering universality 

•  hyperfine states of alkali atoms 
•  two-channel scattering model 
•  one-channel scattering model 



•   Schrodinger eqn via Greens function: 

•  T-matrix:  

•  Scattering amplitude: 

•  Scattering matrix S and phase shift δ:   

r 

=             +                     +                            + …  ✕ ✕ ✕ ✕ ✕ ✕ 



•  unitarity: 

•  low energy:  

•  intermediate energy (r0< 0): 

ReE 

-1/a 



•  O. K. Rice, JCP 1, 375 (1933) - basic treatment of how a bound state autoionizes  
  into a degenerate continuum 

•  U. Fano, Nuovo Cimento 12, 156 (1935) – shows that quantum interference has  
  opposite signs above and below the resonance, leading to asymmetric line profiles  
  analogous to anomalous dispersion 

•  G. Breit and E. Wigner, Phys. Rev. 49, 519 (1936) – Basic formula developed for  
  symmetric resonance profile when only the “bound part” of the reaction dominates 

•  H. Feshbach, Ann. Phys. 5, 357 (1958) and 19, 287 (1962) – developed general  
  projection operator formalism that cleanly separates “bound” and “continuum”  
  subspaces and systematically treats their interaction 

•  U. Fano, Phys. Rev. 124, 1866 (1961) – more elegant reformulation of his 1935  
  theory of asymmetric line profiles from discrete-continuum interactions 

•  P. Anderson, Phys. Rev. 124, 41 (1961) – model of localized impurity state in a  
  continuous band 

from C. Greene 



Feshbach resonances in neutron-sulfur scattering, from Blatt&Weisskopf, 1950s 



•  Li 6:  2S1/2       |n=2,l=0,s=1/2,sz >|i=1,iz > 

•  K40:  4S1/2       |n=4,l=0,s=1/2,sz >|i=4,iz >    



•  Li 6:  2S1/2                           |n=2, l=0, s = 1/2, sz >|i=1, iz >   

                                              |n=2, l=0, f, mf >     (B=0) 

•  K40:  4S1/2                            |n=4,l=0,s=1/2,sz >|i=4,iz > 

                                              |n=4, l=0, f, mf >    (B=0)  





|f1, mf1 > 

|f2, mf2 >   



A magnetic-field tunable atomic scattering resonance 

Channels are coupled by the hyperfine interaction 

→ ←

colliding atoms in channel 1 

molecule state in channel 2 



(s-wave) 

microscopics: project quantum chemistry short-scale 
calculation of  Vs/t(r) onto hyperfine states at long scales 
 diagonalize 36 ✕ 36 (e.g., for Li6)  

EZeeman 

S-singlet 

“closed” 

HHF r 

Vαβ(r) 

S-triplet 

“open” 
eV |f1, mf1 >|f2, mf2 >   



•  cloud size: 

•  atom loss via enhanced three-body decay rate: 

•  bound state Rabi oscillations (Ramsi fringes): 

•  RF spectroscopy resonance interaction shifts: 

85Rb - 85Rb2 



Rabi oscillations molecular binding energy 



p-wave s-wave 

85Rb : F=2, mF= - 2 87Rb : F=1, mF= - 1 

Papp’s Thesis 
Papp, Pino, Wieman 





>7 decades 
Coupled channels 

calculation 

Solitons 

Pollack, Dries, Junker, Chen, Corcovilos, Hulet, PRL 102, 090402 (2009) 

na3 > 1 

1400um 

B=736.8G B=543.36G  110um
 



Regal, Jin 2003 
|9/2, -9/2>    |9/2, -7/2 >   



•  p-wave Feshbach resonance in 40K, 6Li 

•  making p-wave molecules: 

resonant disappearance of atoms  
with oscillating B(t)    
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•  p-wave Feshbach resonance in 40K, 6Li 

•  making p-wave molecules: 

resonant disappearance of atoms  
with oscillating B(t)    

to see molecules: 

look for energetic atoms 
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•  tunability (strength and sign) of interactions (sudden and adiabatic)  

closed channel   

open channel r 

U 

two-channel model: 

       atoms 
(open channel) 

      molecules 
(closed channel) 

     atom – molecules 
       interconversion 

(“bare”) detuning 





Regal, et al. 

•  tunability (strength and sign) of interactions (sudden and adiabatic)  

Regal, et al. 

closed channel   

open channel r 

U 



•  scattering T-matrix relates λ to a: 

γ >> 1 

Tk k’ = 

physical  
bound state 

virtual  
bound state 

Re E 



open 

long centrifugal 
barrier 

r 

closed 
U(r) naturally narrow! 

  s-wave suppressed  

     by Pauli principle 

    
  narrows with 
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