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From Krems et al, Cold Molecules, Chapter 6, arXiv:0902.1727


Review: s-wave scattering length + long range potential determine the

scattering and bound state properties of all partial waves near threshold. 
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Some examples of Feshbach resonances


E. Tiesinga et al., Phys. Rev. A 47, 4114 (1993) 

Cesium theory


background


S. Inouye et al 

Nature 392, 141 (1998)


Sodium BEC 

Magnetic field (Gauss)

900
 910




An example for E➞ 0


Cornish, Claussen, Roberts, Cornell, Wieman, 

Phys. Rev. Lett. 85, 1795 (2000)


85Rb BEC (below 15 nK)


162.3 G


157.2 G


165.2 G


158.4 G


156.4 G


See recent JILA unitary Bose gas quench experiments:


Makotyn et al, Nat. Phys. 10, 115 (2014)


Sykes, et al, Phys. Rev. A 89, 021601(R) (2014)




M=+2

6Li F=1/2,M=+1/2 + F=1/2,M-1/2
87Rb F=1,M=+1 + F=1,M=+1

M=0
M=+2

Cs F=3,M=+3 + F=3,M=+3

M=+6

Na F=1,M=+1 + F=1,M=+1

M=+2



See Simonucci, Pieri, Strinati,

Europhys. Lett. 69, 713–718 
(2005)
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6Li2 molecule


Molecular physics of Li+Li

is well-known.
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6Li atom


Rice 2003

MIT 2005


Innsbruck 2005

834.1(1.5) G


M. Bartenstein, et al., PRL 94, 103201(2005)

Zürn et al, PRL 110, 135301(2013), 832.18(8)G


Quantum degenerate Fermi mixtures

BEC-BCS crossover

Strongly interacting gas

Equation of state
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Coupled channels calculations based on accurately known potentials

All spin-dependent interactions treated in Hamiltonian

2 free parameters: S and T scattering lengths
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Data: Bartenstein et al.,PRL 94, 103201 (2005)

834.1(1.5) G






Long history of resonance scattering


O. K. Rice, J. Chem. Phys. 1, 375 (1933)



U. Fano, Nuovo Cimento 12, 154 (1935)



J. M. Blatt and V. F. Weisskopf, Theoretical Nuclear Physics (1952)



H. Feshbach, Ann. Phys. (NY) 5, 357 (1958); 19, 287 (1962)



U. Fano, Phys. Rev. 124, 1866 (1961)


Separation of system into:


An (approximate) bound state


A scattering continuum


with some coupling between them




Resonant Scattering Picture

following U. Fano, Phys. Rev. 124, 1866 (1961); see Chin et al, RMP (2010)
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From Chin et al (2010)




E/h (MHz)


1


0


sin2η(E,B)


E-1(B)


0


20


40


-20


-40

160
 200
 240


B (Gauss)


40K a+b


B0
 Bn
E-1


From Chin et al (2010)




6Li a+b Scattering Length vs. B

Model from Bartenstein et al.,

PRL 94, 103201 (2005)

543 G 834 G



Closed channel

dominated


Open channel

dominated


Chin, Grimm, PSJ, Tiesinga, Rev. Mod. Phys. 82, 1225 (2010)




Classification of resonances by strength


For magnetically tunable resonances:


Bound state norm Z as E → 0


and B → B0


Resonance strength


See Kohler et al, Rev. Mod. Phys. 78, 1311 (2006)

And Chin, et al, Rev. Mod. Phys.  82, 1225 (2010)




" = E/Ē  = kā r = a/ā

� = B/� mres = µdi↵�/Ē

Reduced (dimensionless) variables for a van der Waals potential:


Universal van der Waals for an isolated Feshbach resonance


⌘res(",�) = � tan�1 sres

"�mres

⇣
� � �c � rbg(1�rbg)

1+(rbg�1)2

⌘

Universal van der Waals expression in the limit E à 0


(Analytic vdW functions can be used away from E = 0)
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From Chin et al (2010)




7Li (blue) and 6Li (red)
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Coupled channels fit, PSJ & Hutson, Phys. Rev. A89, 052715(2014) 




EU = � ~2
2µa2

✏U = � 1

r2

Universal energy:


✏Ur2 = �1

� = E/Ē and r = a/āReduced E and length:
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Universal
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Gribakin and Flambaum, PRA 48, 546 (1993) 
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Gao, J. Phys. B 37, 4273 (2004)
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6Li 832G resonance
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7Li 738G resonance




PSJ & Hutson, PRA (2014)


If a different B0 is used in a(B) expression




“Quantum Defect” Theory

(QDT)







3. Take advantage of separation of energy, length scales


Preparation, control: E/h ≈ kHz


Short range (chemical): > THz


1.  Pick a reference problem we can solve


Classic example: Coulomb potential, H-like atom

Here van der Waals potential, B. Gao, 1998-2009


2.  Parameterize dynamics by a few “physical” parameters


subject to experimental fitting


and theoretical interpretation


 
scattering length


 
resonance strength


 
reaction probability





4.  Use methods of QDT for 



bound and scattering states, resonances, cross sections, etc.


Quantum defect theory (QDT) 
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Rvdw

Semiclassical considerations continued


Julienne and Mies, J. Opt. Soc. Am. B 89, 2257 (1989)


For R << Rvdw


Consequently:

If short-range

coupling << Rvdw




Van der Waals Quantum Defect Theory (QDT)

PSJ and B. Gao, in Vol 869 AIP Conf. Proc., 261–268 (2006), arXiv:physics/0609013v1


Chin et al, RMP (2010) 


⌘(E,B) = ⌘bg(E) + ⌘res(E,B)

= short range strength independent of E, B 
�̄

ηbg(E), C(E)-2, tan λ(E) are analytic QDT functions of the 

background channel, given C6 and abg
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Coupled channels

Numerical
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Cs2 B. O. Potentials
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+ Axis rotation
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The End






Effective range expansion 


Gao, Phys. Rev. A 62, 050702 (2000) 


Flambaum, Gribakin, and Harabati,

Phys. Rev. A 59, 1998 (1999)
r0 = 2.918ā

ā2 + (a� ā)2

a2

k cot ⌘(E) = �1

a
+

1

2

r0k
2
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See also:  

Blackley, Hutson, PSJ, Phys. Rev. A 89, 042701 (2014)

Shotan, Machtey, Kokkelmans, Khaykovich, Phys. Rev. Lett. 113, 053202 (2014)

Werner and Castin, Phys. Rev. A 86, 013626 (2012), Eq. 185
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MQDT Functions
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Open: sres >> 1

universal, Z << 1


over ≈ Δ

Γ(E) >> E when E < Evdw


Closed: sres << 1

Not universal, Z à 1


over most of Δ

Γ(E) << E when E < Evdw


sres=59
 S=0.001
sres=0.2


Köhler, et al, Rev. Mod. Phys. (2006)

Chin, et al, Rev. Mod. Phys. (2010)


Open and closed channel dominated resonances


6Li: Simonucci, Pieri and Strinati, Europhys. Lett. 69, 713 (2005)
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