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Why is there so much enthusiasm  
about cold and ultracold molecules? 

High resolution spectroscopy, test of fundamental theories, quantum simulators of 
condensed phase phenomena, anisotropy in quantum degenerate gases, 

quantum information, (other (crazy) ideas)… 
 

a novel « (ultra-)cold photo-physical chemistry »: 
 

Understanding elementary reactions at the single quantum state level, 
Role of excited states, quantum resonances, 

Control of energy deposition in a molecular system 
Reactivity at short/large distances... 

 

The hope: to achieve full control of internal and external degrees of freedom of quantum systems 

The need: To fully understand the details of molecular structure, i.e. to solve a N-body problem, 
strongly depending on the value of N 

PCCP special issue 2011 (eds  OD, R. Krems, M. Weidemüller, S. Willitsch): about 55 papers! 
Chemical review 2012 (eds J. Ye, D. Jin):  9 review papers! 



Cold chemistry: enthusiasm or desperation? 



The vision of an expert… 



The vision of an expert… 



The vision of an expert… 



The vision of an expert… 

 



 
 

PhotoAssociation  

Cold atoms: “quasibound”-bound transition 
Thorsheim et al, PRL, 58, 2420 (1987) 

Creates a giant ultracold excited molecule, or 
a “long-range molecule” 
Stwalley&Wang, J. Mol. Spectrosc. 195, 194, (1999) 
Weiner et al, Rev. Mod. Phys. 71, 1 (1999) 
Masnou&Pillet, Adv. At. Mol. Opt. Phys. 47, 53 (2001) 
Jones et al, Rev. Mod. Phys., 78 (2006) 

Well-known at thermal energies  
Marvet&Dantus, Chem. Phys. Lett. 245, 393 (1995)  

•Li2, Na2, K2, Rb2, Cs2; H2; Ca2, He2, Sr2 , Yb2… 

•NaCs, RbCs, KRb, LiCs, LiK,YbRb, NaK… 

…associate a pair of ultracold atoms, 
to form an ultracold molecule! 

Short-lived ultracold molecules,  
stabilization process needed… 

Collision froide 

Photo-association 

Formation d’une molécule  
Froide et stable 

Désexcitation 

Dissociation 

Photon 1 

Photon 2 

Photon 2’ 



 
 

UltraCold Molecule Formation through 1-step PA+radiative decay 

Cs2: Orsay, PRL, 80, 4402 (1998);   
Rb2: Pisa, PRL, 84, 2814 (2000) 

transfer density of probability inwards, to produce stabilized ultracold molecules 

Cs2: Orsay, PRL 86, 2253 (2001)  

Double-well mechanism Resonant mechanism 

Spin-orbit/non-adiabatic effects 



PHOTOASSOCIATION OF  
A and BC 

« the way of desperation »?© (J.B.) 



Dense samples of ultracold molecules and atoms are under reach 

Excited atom/ground state 
molecule still to be observed 

Cs/Cs2 

Orsay, PRL 96, 023202 (2006) 

Cs/Cs2 

Freiburg, PRL 96, 023201 (2006) 

Rb,Cs/RbCs 

Yale, PRL 100, 203201 (2008) 

Cs/LiCs 

Freiburg/Heidelberg, PCCP 13, 19101 (2011) 

K,Rb/KRb 

JILA Boulder, Science 327, 853 (2010) 

Reactive! As for atoms, crucial role of long-
range interactions between particles 

KRb/KRb 

JILA Boulder, Nature 464, 1324 (2010) 



Long-range interactions between atoms or/and molecules 
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Standard multipolar long-range expansion 

Multipolar moments See for instance: 
B. Bussery-Honvault, et al, J. Chem. Phys. 129, 234302 (2008). 
D. V. M. R. Flannery and V. N. Ostrovsky, J. Phys. B 38, S279 (2005). 
G. C. Groenenboom, et al, J. Chem. Phys. 126, 204306 (2007). 
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in (XYZ)  

in (XAYAZA) |Λvd〉 

Frame transformation |Nm〉  



DOMINANT TERMS 
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=>  C5 / R5 

Dimer transitions: X1Σg
+ → 1Σu

+ , 1Πu
  

Atom transitions: 2P → 2S, 2D  
=>  C6 / R6 

0th order: BApBAp EE ΦΦ=+= 00 et    ϕε

1st order:  
Quadrupole moment of the atom: 

Quadrupole moment of the molecule: 

2nd order:  

Note: necessitates the knowledge of MANY PESs and TDMs,  calculated on our own 
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For every N and ℓ(=1), (2N+1)x(2 ℓ +1) long-range potential curves 

Lepers , Dulieu, Kokoouline Phys. Rev. A, 82, 042711 (2010), 
Lepers, Vexiau, Bouloufa, Dulieu, Kokoouline Phys. Rev. A 83, 
042707 (2011) 
Lepers,  Dulieu, Eur. Phys. J. D 65, 113 (2011) 
Lepers, Dulieu, Phys. Chem. Chem. Phys. 13, 19106 (2011) 



Long-range coefficients 

Lepers , Dulieu, Kokoouline Phys. Rev. 
A, 82, 042711 (2010), 

Lepers, Vexiau, Bouloufa, Dulieu, Kokoouline Phys. Rev. A 83, 042707 (2011) 



Around 100 a.u.: electrostatic energy 
and rotational energy of the same 
magnitude 
 
2nd order degenerate perturbation 
theory which will couple various N of 
the same parity 



Add Cs spin-orbit 



Funny (desperated) cases 

Ω = 1/2 
Li*+Li2 

Ω = 1/2 

Li*+K2 

Lepers , Dulieu, Kokoouline Phys. Rev. A, 82, 042711 (2010), 
Lepers, Vexiau, Bouloufa, Dulieu, Kokoouline Phys. Rev. A 83, 
042707 (2011), EPJD 2011 
Lepers,  Dulieu, Eur. Phys. J. D 65, 113 (2011) 
Lepers, Dulieu, Phys. Chem. Chem. Phys. 13, 19106 (2011) 



Cs+Cs2(X,v=0,N)+hν→Cs3
* 

• Consider long-range PESs: Cs3
* ≈ Cs*…Cs2 

• Match to a short-range LJ potential at RLR≈45a.u. 
• Compute radial wave functions 

• Use standard expression of PA rate for a pair of particles 

 

 

 

 

• Normalize the rate for the sake of comparison with other 
cases: KPA=RPA/nmolφ; (in cm5) 



 

RPA = A(g,e, r ε PA )
3

2π
 
 
 

 
 
 

3 / 2 h
2

nmolΛ
3e−∆ / kBTΩ2 ΨE Ψb

2

P. Pillet, A. Crubellier, A. Bleton, O. Dulieu, P. Nosbaum, I. Mourachko and F. Masnou-Seeuws, J. Phys. B 30, 2801 (1997). 



Normalized PA rate 



The scenario of ultracold photochemistry could be: 

• Selection of a particular level as the entrance channel 
• This level is probably coupled to many resonances, but could 

have a decent probability density at large distances 
• Something happens in the inner zone, but the complex 

probably survives long enough to decay radiatively 
• The stabilization could occur in bound levels of Cs3 

• The product could be « immediately » detected as chemically 
distinct from the reactants 
 

• …now it’s time to talk to our best experimental friends…. 
 



Thank you! 
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