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Cold atoms and molecules

Widely used in forefront experiments
Bose gases and BEC
Fermi gases, BEC-BCS crossover
Lattices and reduced dimensional structures

Complex calculations required
coupled channels scattering
ab initio structure and properties

But remain amenable to simple models
Universal--parameterized by a(B) and mass
Based on long range potentials

Control scattering properties 
by static or dynamic electromagnetic fields
depends on specific physical systems available
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s-wave Threshold Collisions Summary

Elastic collision  = 4 (a2+b2)

Inelastic collision K = v = (2h/μ)b

Complex scattering length a - ib
( from exact E->0 S-matrix element)

“Allowed” b ~ 10-100 a0

“Forbidden” b << 1 a0

Upper bound 4b = k-1 = /2

Typical values:



How fast are inelastic cold collisions (Maxwell-Boltzmann)?
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QT = translational partition function

T = thermal de Broglie wavelength
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“Size” of -C6/R6 van der Waals potential V(R)

 

 Rvdw(a0) Evdw(mK) 
   

6Li 31  29 
40K 65 1.0 
85Rb 83 0.35 
133Cs 101 0.13 
 

or

G. F. Gribakin and V. V. Flambaum
Phys. Rev. A 48, 546 (1993)

See Jones, Lett, Tiesinga, Julienne, Rev. Mod. Phys. 78, 483 (2006)



Adapted from Gao, Phys. Rev. A 62, 050702 (2000); Figure from E. Tiesinga

Bound states from van der Waals theory



Effective range and bound states of vdW V(R)

Effective range expansion of (E)

Gao, Phys. Rev. A 62, 050702 (2000) 
Flambaum, Gribakin, and Harabati,

Phys. Rev. A 59, 1998 (1999)

G. F. Gribakin and V. V. Flambaum
Phys. Rev. A 48, 546 (1993)

Gao, J. Phys. B 37, 4273 (2004)

See P. Naidon, E. Tiesinga, W. F. Mitchell, and P. S. Julienne, “Effective-range 
description of a Bose gas under strong one- or  two-dimensional confinement,” 
N. J. Phys. 99, 19 (2007). 



Resonant Scattering Picture
(U. Fano, Phys. Rev. 124, 1866 (1961))
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Analytic van der Waals theory reproduces ALL scattering versus E and B 
in the ultracold domain as compared to full coupled channels calculations.

Julienne and Gao, in Atomic Physics 20 (AIP), p. 216, or physics/0609013



Open: S >> 1
Universal, Z<<1

over  
(E) >> E when E < Evdw

Closed: S << 1
Not universal, Z  1

over most of 
(E) << E when E < Evdw

S=50 S=0.001S=0.2

Köhler, Goral, Julienne, 
Rev. Mod. Phys. 78, 1311 (2006)

Open or closed channel dominated?



Ab initio: Kotochigova , Julienne, Tiesinga, Phys. Rev. A 68,022501 (2003).

See also Aymar & Dulieu, JCP, 122, 204302(2005)



















Group II Atoms

Spin 0 bosons

Spin 1/2 or higher fermions
no g. s. decoherence

1S0-3P1 photoassociation
optical feshbach control

1S0-1P1 resonance line
> mK Doppler cooling

1S0-3P1 intercombination line
μK Doppler cooling



From Enomoto et al



Scattering lengths for Yb ground state model (in a0 units)

      168     170      171      172       173       174       176

 168   252(6)  117(1)    89(1)    65(1)     39(1)      2(2)   -360(30)
170   117      64(1)    37(1)    -2(2)    -81(4)   -520(50)   209(4)
171    89      37       -3(2)   -84(5)   -580(60)   430(20)   142(2)
172    65      -2      -84     -600(60)   420(20)   201(3)    106(1)
173    39     -81     -580      420       199(3)    139(2)     80(1)
174     2    -520      430      201       139       105(1)     55(1)
176  -360     209      142      106        80        55       -24(2)



Variation of scattering length with mass



Model: LJ 6-12 + C8 van der Waals
1 potential + reduced mass

C6=1932(4) au   C8=1.9(5)x105  Exactly 72 bound states in 174Yb2

C6

C8

N



Gribakin and Flambaum
Phys. Rev. A 48, 546 (1993) 

Number of bound states in V(R) = 



Pure van der Waals theory
(GF and B. Gao)



Scattering 
length

Bound
states



Species  Spin  % Abundance

84Sr     0      0.56
86Sr     0      9.86
87Sr     9/2    7.00
88Sr     0      82.58 

196Hg    0      0.15
198Hg    0      9.98
199Hg    1/2    16.87
200Hg    0      23.10
201Hg    3/2    13.19
202Hg    0      29.86
204Hg    0      6.87

130Ba    0      0.11
132Ba    0      0.10
134Ba    0      2.42
135Ba    3/2    6.59
136Ba    0      7.85
137Ba    3/2    11.23
138Ba    0      71.71


