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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
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An example for E— O

Cornish, Claussen, Roberts, Cornell, Wieman,
Phys. Rev. Lett. 85, 1795 (2000)

85Rb BEC (below 15 nK)
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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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PRL 110, 135301 (2013) PHYSICAL REVIEW LETTERS 29 MARCH 2013

Precise Characterization of °Li Feshbach Resonances Using Trap-Sideband-Resolved
RF Spectroscopy of Weakly Bound Molecules

G. Ziirn,"? T. Lompe,'*** A.N. Wenz,'? S. Jochim,'** P.S. Julienne, and J. M. Hutson™"'
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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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Threshold Resonant Scattering
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Classification of resonances by strength
Apg O A
a E
See Kohler et al, Rev. Mod. Phys. 78, 1311 (2006)
And Chin, et al, Rev. Mod. Phys. 82, 1225 (2010)
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Universal van der Waals for an isolated Feshbach resonance

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

e=FE/E k= ka r=a/a
5 - B/A Myes = ,udlffA/E

Universal van der Waals expression in the limit E 2 0

1 RSres

e = (8 = B~ L)

Tlres (57 5) = —tan

(Analytic vdW functions can be used away from E = 0)
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Coupled channels fit, PST & Hutson, Phys. Rev. A89, 052715(2014)
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"Quantum Defect” Theory
(QDT)



Quantum defect theory (QDT)

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 fo experimental fitting
and theoretical interpretation
scattering length
resonance strength
reaction probability

3. Take advantage of separation of energy, length scales
Preparation, control: E/h = kHz
Short range (chemical): > THz

4. Use methods of QDT for
bound and scattering states, resonances, cross sections, etc.



H atom
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Semiclassical considerations continued

. __ 1
f(R,0) = a(R,0)sin 3(R,0) f(R,E) — N sin(kR + n(E))

I
Rvdw
f(R,E)=C(E)"'f(R, E)

For R << R, = C(E)"'f(R,0)
Julienne and Mies, J. Opt. Soc. Am. B 89, 2257 (1989)

If short-range
coupling << R 4,

! [Consequen’rly: Vo (E) = (n|H|E) = C(E)~V, ]




Van der Waals Quantum Defect Theory (QDT)

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

Chin et al, RMP (2010)
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Cs |3,+3> Icollisions
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Cs+Cs Innsbruck/Hutson/PSJ Phys. Rev. A 87, 032517 (2013)
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PHYSICAL REVIEW A 88, 052701 (2013)

Analytical model of overlapping Feshbach resonances

Krzysztof Jachymski! and Paul S. Julienne?
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Coupled channels model from Berninger, et al, Phys. Rev. A 87, 032517 (2013)
Overlapping resonance treatment: Jachymski, PSJ, PRA 88, 052701(2013)
3-body and Efimov: Wang and PSJ, Nat. Phys. 10, 768 (2014)
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The End



Effective range expansion

I 1
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ro = 2.918a 5 Phys. Rev. A 59, 1998 (1999)
a Gao, Phys. Rev. A 62, 050702 (2000)
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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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I'(E) >> E when E < E,,

Open and closed channel dominated resonances
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