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Ultracold polar molecules
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• Anisotropic and long-range interactions

• Quantum simulation, ultracold chemistry , …

• Two alkalis: KRb, RbCs, NaRb, NaK, NaCs

• In their absolute ground state

Website of JILA



BUT: limited lifetime
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For all molecules ! 

KRb + KRb K2 + Rb2 (exoenergetic)

NaK + NaK Na2 + K2 (endoenergetic)

PRL 116, 205303 (2016)



BUT: limited lifetime
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What is the origin of losses ?

• Sticky collisions ?

• Photoexcitation of complex
by trapping light ?

PRL 116, 205303 (2016)

For all molecules ! 

KRb + KRb K2 + Rb2 (exothermic)

NaK + NaK Na2 + K2 (endothermic)
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Idea: preventing molecules from getting
close to each other and starting a reaction

=>  Shielding



Blue shielding : principle
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= Engineer repulsive long-range interactions
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Blue shielding : principle
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= Engineer repulsive long-range interactions



Engineering repulsive interactions using …
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• Static electric field
Rotational-level mixing creates repulsive van der Waals 
interaction

JILA team: Science 370 , 1324 (2020)
Nature 588, 289 (2020)



Engineering repulsive interactions using …
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• Static electric field
Rotational-level mixing creates repulsive van der Waals 
interaction

JILA team: Science 370 , 1324 (2020)
Nature 588, 289 (2020)

• Microwave (MW) field
With respect to purely rotational transition

MIT/Harward: Science 373, 779 (2021)
Garching: Nature 607, 677 (2022)
Cornell: arxiv:2303.16845 (2023)



Engineering repulsive interactions using …
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• Optical field
Frequency close to D2 transition of alkali 
atoms

Deteriorated by spontaneous
emission

Na2: PRA 51, 1446 (1995)



Engineering repulsive interactions using …
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Na2: PRA 51, 1446 (1995)

• Optical field
Frequency close to D2 transition of alkali 
atoms

Deteriorated by spontaneous
emission

Quasi-forbidden transitions in bialkali molecules

Transition X1S+ (vX = 0, jX = 0) → b3P0+ (vb = 0, jb = 1)

Theory for NaRb: PRL 125, 153202 (2020)



X → b tranition in NaRb
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Incoming
channel

D = 100 MHz
 = 10 MHz
Linear pola.



X → b tranition in NaRb

1504/07/2023 M. Lepers

Incoming
channel

D = 100 MHz
 = 10 MHz
Linear pola.

BUT : 1 molecule photon scattering
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Idea: applying optical fields without
spontaneous emission

=>  2-photon transition



2-photon transition (1 molecule)
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ȁ ۧ𝑔1
ȁ ۧ𝑔2

ȁ ۧ𝑞

ℏ𝛿

ℏΔ

Ω2Ω1



2-photon transition (1 molecule)
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ȁ ۧ𝑔1 = ȁ ۧ𝑋, 𝑗𝑋 = 0
ȁ ۧ𝑔2

ȁ ۧ𝑞 = ȁ ۧ𝑏, 𝑗𝑏 = 1
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ℏΔ
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2-photon transition (1 molecule)
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ȁ ۧ𝑔1 = ȁ ۧ𝑋, 𝑗𝑋 = 0
ȁ ۧ𝑔2 = ȁ ۧ𝑋, 𝑗𝑋 = 2

ȁ ۧ𝑞 = ȁ ۧ𝑏, 𝑗𝑏 = 1

ℏ𝛿

ℏΔ

Ω2Ω1 𝐻𝐼 = ℏ

0 0 Ω1/2
0 𝛿 Ω2/2

Ω1/2 Ω2/2 Δ

In dressed basis ȁ ۧ𝑔1 , ȁ ۧ𝑔2 , ȁ ۧ𝑞



2-photon transition (1 molecule)
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ȁ ۧ𝑔1 = ȁ ۧ𝑋, 𝑗𝑋 = 0
ȁ ۧ𝑔2 = ȁ ۧ𝑋, 𝑗𝑋 = 2

ȁ ۧ𝑞 = ȁ ۧ𝑏, 𝑗𝑏 = 1

ℏ𝛿

ℏΔ

Ω2Ω1 𝐻𝐼 = ℏ

0 0 Ω1/2
0 𝛿 Ω2/2

Ω1/2 Ω2/2 Δ

In dressed basis ȁ ۧ𝑔1 , ȁ ۧ𝑔2 , ȁ ۧ𝑞

ȁ ۧ𝑔1

ȁ ۧ𝑔2 ℏΔeff

Ωeff

Adiabatic elimination of ȁ ۧ𝑞
Δ ≫ Ω1, Ω2, Γ𝑞

𝐻eff
𝐼 = ℏ

0 −Ωeff /2
−Ωeff /2 Δeff

Δeff = 𝛿 +
Ω1
2−Ω2

2

4Δ
; Ωeff =

Ω1Ω2

2Δ
with 𝛿 = 0



2 photons & 2 molecules
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molecules-fields

fields

molecule-moelcule

Molecules 1 & 2Relative 
kinetic
energy

𝐻 = 𝑇 + 𝐻1 +𝐻2 + 𝑉 𝑅 + 𝐻𝑓 +𝐻𝑚−𝑓

𝑇 = 𝑇𝑅 +
ℏ2𝐋2

2𝜇𝑅2

𝐻𝑖 = 𝐵0𝐉𝑖
2

𝑉 𝑅 = 𝑉dd 𝑅 = dipole-dipole

𝐻𝑚−𝑓 = molec. 1 & 2

– fields 1 & 2



2 photons & 2 molecules
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molecules-fields

fields

molecule-moelcule

Molecules 1 & 2Relative 
kinetic
energy

𝐻 = 𝑇 + 𝐻1 +𝐻2 + 𝑉 𝑅 + 𝐻𝑓 +𝐻𝑚−𝑓

𝑇 = 𝑇𝑅 +
ℏ2𝐋2

2𝜇𝑅2

𝐻𝑖 = 𝐵0𝐉𝑖
2

𝑉 𝑅 = 𝑉dd 𝑅 = dipole-dipole

𝐻𝑚−𝑓 = molec. 1 & 2

– fields 1 & 2

𝐻𝐿𝑅 𝑅 =
ℏ2𝐋2

2𝜇𝑅2
+ 𝐵0 𝐉1

2 + 𝐉2
2 + 𝑉dd 𝑅

Diagonalization for each 𝑅 ≳ 50 a.u.

𝑉𝐿𝑅 𝑅 ; ȁ ۧ𝜓 =

𝑚

𝜒𝑚(𝑅) ȁ ۧ𝑚

Ωeff 𝑅 ∝

𝑚,𝑝

𝜒𝑚(𝑅)𝜒𝑝(𝑅) 𝑚 𝑇(2) 𝑝



Basis sets ȁ ۧ𝒎
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Lab-frame, fully uncoupled basis: ہ ۧ𝑗𝑖 , 𝑚𝑖 , 𝑗𝑘 , 𝑚𝑘 , ℓ,𝑚ℓ
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Lab-frame, fully uncoupled basis: ہ ۧ𝑗𝑖 , 𝑚𝑖 , 𝑗𝑘 , 𝑚𝑘 , ℓ,𝑚ℓ

To better account for symmetries, fully-coupled basis

ہ ۧ𝑗𝑖 , 𝑗𝑘 , 𝑗𝑖𝑘 , ℓ, 𝐽,𝑀
(±)

• Ԧ𝑱 = Ԧ𝑱𝒊𝒌 + 𝑳 = Ԧ𝑱𝟏 + Ԧ𝑱𝟐 + 𝑳 = total angular momentum of the 

complex (without HFS). M associated to its z-projection
• ℓ = partial wave
• 𝑗𝑖 , 𝑗𝑘 = permutation
• (±) = inversion of all coordinates



Basis sets ȁ ۧ𝒎
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Lab-frame, fully uncoupled basis: ہ ۧ𝑗𝑖 , 𝑚𝑖 , 𝑗𝑘 , 𝑚𝑘 , ℓ,𝑚ℓ

To better account for symmetries, fully-coupled basis

ہ ۧ𝑗𝑖 , 𝑗𝑘 , 𝑗𝑖𝑘 , ℓ, 𝐽,𝑀
(±)

• Ԧ𝑱 = Ԧ𝑱𝒊𝒌 + 𝑳 = Ԧ𝑱𝟏 + Ԧ𝑱𝟐 + 𝑳 = total angular momentum of the 

complex (without HFS). M associated to its z-projection
• ℓ = partial wave
• 𝑗𝑖 , 𝑗𝑘 = permutation
• (±) = inversion of all coordinates

Initial collision channel = 2 ultracold
ground-state bosonic molecules

ȁ ۧ𝑚1 = ہ ۧ0,0 , 0,0,0,0
(+)



Selection rules

2604/07/2023 M. Lepers

Quant. nber Dipole-dipole Raman

[Δ𝑗𝑖 , Δ𝑗𝑘] [±1,±1]; [∓1,±1] [0, ±2]

Δℓ 0 or ± 2* 0

Δ𝐽 0* 0 or ± 1 or ± 2*

Δ𝑀 0 0, if = polarizations

parity ±⟷ ± or ∓⟷ ∓ ±⟷ ± or ∓⟷ ∓

* 0 ↮ 0, and Τ1 2 ↮ Τ1 2 for Δ𝐽



Selection rules
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Quant. nber Dipole-dipole Raman

[Δ𝑗𝑖 , Δ𝑗𝑘] [±1,±1]; [∓1,±1] [0, ±2]

Δℓ 0 or ± 2* 0

Δ𝐽 0* 0 or ± 1 or ± 2*

Δ𝑀 0 0, if = polarizations

parity ±⟷ ± or ∓⟷ ∓ ±⟷ ± or ∓⟷ ∓

* 0 ↮ 0, and Τ1 2 ↮ Τ1 2 for Δ𝐽

ȁ ۧ𝑚1 = ہ ۧ𝑗𝑋 = 0, 𝑗𝑋 = 0 , 𝑗𝑖𝑘 = 0, ℓ = 0, 𝐽 = 0,𝑀 = 0
(+)

ȁ ۧ𝒎𝟐 = ہ ۧ𝟎, 𝟐 , 𝟐, 𝟎, 𝟐, 𝟎
(+)

ہ ۧ1, 1 , 0 or 2, 2, 2, 0
(+)

ہ ۧ1, 3 , 0 or 2, 2, 2, 0
(+)
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Results for NaK



Long-range potential energy curves
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Resonant
dipole-dipole ∝ 𝑅−3

2nd-order
dipole-dipole ∝ 𝑅−6



Long-range potential energy curves
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A’: 𝐷 +
17,29

2𝜇𝑅2
+

1,045×106

𝑅6
(in a.u.)

B’: 𝐷 +
6,668

2𝜇𝑅2
+

2,711×105

𝑅6
(in a.u.)

Δeff = 70 MHz



Long-range potential energy curves

31M. Lepers04/07/2023

A’: 𝐷 +
17,29

2𝜇𝑅2
+

1,045×106

𝑅6
(in a.u.)

B’: 𝐷 +
6,668

2𝜇𝑅2
+

2,711×105

𝑅6
(in a.u.)

Δeff = 70 MHz ΔMW = 70 MHz

PRL 125, 163402 (2018)



Eigenvector components at RC
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Basis 
vector

Potential
curve

𝑹𝑪 = 𝟐𝟒𝟎 a.u.
Δeff = 70MHz

𝑹𝑪 = 𝟏𝟕𝟎 a.u.
Δeff = 500MHz

ȁ ۧ𝑚1

ہ= ۧ0, 0 , 0, 0, 0, 0
(+) ȁ ۧ𝑔1 = init. 99.95 % 98.61 %

ȁ ۧ𝒎𝟐

= ہ ۧ𝟎, 𝟐 , 𝟐, 𝟎, 𝟐, 𝟎
(+)

ȁ ۧ𝑔2 = A’ 10.90 % 16.16 %

ȁ ۧ𝑔2 = B’ 9.80 % 32.11 %

ȁ ۧ𝑔2 = C’ 78.88 % 49.26 %



Physical parameters
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Δeff = 8 MHz and Ωeff = 11 MHz

Nature 607, 677 (2022)



Physical parameters
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Δeff = 2 MHz and Ωeff = 1 MHz



Conclusion
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➢ Possibility of two-photon optical shielding

➢No spontaneous emission or photon scattering

➢ « Mapping » on one-photon shielding

➢Applicable to other molecules than NaK

➢ Possible use of other electronically excited states (A, B)

➢ Full scattering calculations

Phys. Rev. Research, accepted (2023)



Conclusion

3604/07/2023 M. Lepers

➢ Possibility of two-photon optical shielding

➢No spontaneous emission or photon emission

➢ « Mapping » on one-photon shielding

➢Applicable to other molecules than NaK

➢ Possible use of other electronically excited states (A, B)

➢ Full scattering calculations

Phys. Rev. Research, accepted (2023)

Thank you!



Electronically-excited PECs
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Eigenvector components at RC
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Basis 
vector

Potential
curve

𝑹𝑪 = 𝟐𝟒𝟎 a.u.
Δeff = 70MHz

𝑹𝑪 = 𝟏𝟕𝟎 a.u.
Δeff = 500MHz

ہ ۧ0, 0 , 0, 0, 0, 0
(+) ȁ ۧ𝑔1 = init. 99.95 % 98.61 %

ہ ۧ0, 2 , 2, 0, 2, 0
(+)

ȁ ۧ𝑔2 = A’ 10.90 % 16.16 %

ȁ ۧ𝑔2 = B’ 9.80 % 32.11 %

ȁ ۧ𝑔2 = C’ 78.88 % 49.26 %

ȁ 𝑋, 0, 𝑏, 1 ,
ۧ1, 0, 1, 1 (−)

ȁ ۧ𝑞 = I 33.06 % 33.17 %

ȁ ۧ𝑞 = K 16.74 % 16.68 %



Scheme of energy levels
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Blue shielding : principle
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= Engineer repulsive long-range interactions



Molecular data
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NaRb with shielding and trapping lights
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X → b tranition in NaRb
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elastic inelastic

reactive

𝜸 =
𝒌𝒆𝒍

𝒌𝒊𝒏 + 𝒌𝒓𝒆



X → b tranition in NaRb
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elastic inelastic

reactive

𝜸 =
𝒌𝒆𝒍

𝒌𝒊𝒏 + 𝒌𝒓𝒆

BUT : 1 molecule photon scattering


