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long-range interactions relevant: atom-ion ~ 1

𝑅4
• dilute gases
(108 – 1013 atom/cm3)

• application: precision measurements, 
                           quantum controlled chemistry, 
                           quantum technology, ...
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• The project focuses on the theoretical modelling of the dynamics of ion-neutral systems 
at ultracold temperatures in order to design ways for their full quantum control

• Our aims are connected to ongoing cutting-edge experimental investigations with hybrid 
traps (Uni. Freiburg, Weizmann Inst., Uni. Basel, Uni. Ulm, Uni. Osaka, Uni. Hannover)

• Understanding ion-neutral ultracold collisions

Introduction
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• Understanding such ultracold collisions relies on the combination of various expertise:
           - perform detailed atomic and molecular structure calculations
           - determine electronically excited molecular states generated by lasers in experiments
           - perform dynamical calculations based on the quantum coupled-channel description 
              of the collision including both long-range (electrostatic) and short-range (chemical)

interactions

• These methodologies will be applied to two species of atom-ion pairs of relevance for 
ongoing experiments: 
                           
                            6Li - 138Ba+, in collab. with Uni. Freiburg
                         87Rb - 88Sr+,   in collab. with Weizmann Inst.
                            

Introduction
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138𝐁𝐚+: single ion

                   ~365 𝜇𝐾 in the lab
             
                   metastable  5D5/2,3/2  excited state
                   ( lifetime 32 s, 80 s )
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138𝐁𝐚+

6𝐋𝐢 : 1 − 3 𝜇𝐾 in the lab

           2S1/2 ground state

           few thousand atom
           close to quantum degeneracy

138𝐁𝐚+: single ion

                   ~365 𝜇𝐾 in the lab
             
                   metastable  5D5/2,3/2  excited state
                   ( lifetime 32 s, 80 s )
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of the observed processes

Incoming channel 1
Incoming channel 2

Molecular structure calculated by 
THEOMOL group

Observed processes
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Observed processes

- FSQ (Fine Structure Quenching)

Li(2S1/2) + Ba+(5D5/2) →
→ (2S1/2) + Ba+(5D3/2)

- NRCE (Non-Radiative Charge Exchange)

Li(2S1/2) + Ba+(5D5/2,3/2) → 
→ Li+ + Ba( 1S)

- NRQ (Non-Radiative Quenching)

Li(2S1/2) + Ba+(5D5/2,3/2) → 
→ Li(2S1/2) + Ba+(6S1/2)

Incoming channel 1
Incoming channel 2
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Li(2S1/2) + Ba+(5D5/2) →
→ (2S1/2) + Ba+(5D3/2)

Li(2S1/2) + Ba+(5D5/2,3/2) → 
→ Li+ + Ba( 1S)

Li(2S1/2) + Ba+(5D5/2,3/2) → 
→ Li(2S1/2) + Ba+(6S1/2)

NRQ
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𝑉(… ) – Hund’s case a) potential energy curves
Ai, j       – spin – orbit coupling matrix element
G2,3

      – non-adiabatic coupling at the avoided crossing
 

A5,7
      – indirect spin – orbit coupling at the crossing 
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Diagonalization

Hund’s case c) potential energy curves
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Frame transformation
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Molecular frame Laboratory frame
coordinate system transformation

{ | ۧΛ, 𝑆, Σ, Ω = Λ + Σ, 𝐽, 𝑝𝑎𝑟𝑖𝑡𝑦  } { | ۧ𝑗𝐴, 𝑗𝐵 , 𝑗, 𝑙, 𝐽, 𝑝𝑎𝑟𝑖𝑡𝑦  }
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Molecular structure

Hund’s case a)

Molecular frame
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J = 0

J = 1

J = 3
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Hund’s case e)

Laboratory frame
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Multi-Channel Quantum Scattering (MCQS)
Cross section

where, S – S – matrix  
              J – total angular momentum quantum number
              l – partial wave
              j – electronic angular momentum quantum number
              m – projectile of the electronic angular momentum
              p – parity

𝝈𝑖→𝑓(𝐸) =
π

𝑘0
2 

𝐽

(2𝐽 + 1) 
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Multi-Channel Quantum Scattering (MCQS)

Hamiltonian
where, 𝜇 reduced mass
 𝑰 – identity matrix
          𝑽 𝑅  - electronic potential energy matrix
          𝑽𝑆𝑂𝐶(𝑅) – spin – orbit matrix
          𝑙 – partial wave
              

𝜓𝛼 𝑅 = 𝑅−1 

𝑖

𝜙𝑖(𝜏)𝐹𝑖𝛼(𝑅)

Scattered wave function for the 𝛼- channel

where, 𝜙𝑖(𝜏) – orthonormal basis
          𝜏 – atom/ion all quantum number configuration
          𝐹𝑖𝛼(𝑅) – radial channel function
         Coupled equations for 𝐹𝑗𝛼(𝑅) 

𝑑2𝐹𝑗𝛼(𝑅)

𝑑𝑟2
= 

𝑖

[𝑊𝑖𝑗 − 𝐸𝛿𝑖𝑗]𝐹𝑖𝛼(𝑅) where, 𝑊𝑖𝑗 =
2𝜇

ħ2  𝜙𝑗
∗ 𝜏 𝑉𝑆𝑂𝐶 + 𝑉 𝑅 +

ℏ2(𝑙(𝑙+1)
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ℏ2

2𝜇

𝑑2

𝑑𝑅2 𝑰 +
ℏ2(𝑙(𝑙+1)

2𝜇𝑅2 𝑰 + 𝑽 𝑅 + 𝑽𝑆𝑂𝐶(𝑅) 

Tibor Jónás 9/15

where, S – S – matrix  
              J – total angular momentum quantum number
              l – partial wave
              j – electronic angular momentum quantum number
              m – projectile of the electronic angular momentum
              p – parity

𝝈𝑖→𝑓(𝐸) =
π

𝑘0
2 

𝐽

(2𝐽 + 1) 
𝑙𝑖,𝑗𝑖,𝑚𝑖

𝑙𝑓,𝑗𝑓,𝑚𝑓

 S 𝐽, 𝑙𝑓 , 𝑗𝑓, 𝑚𝑓 , 𝑝 ← 𝐽, 𝑙𝑖 , 𝑗𝑖 , 𝑚𝑖 , 𝑝  
2

Cross section

𝑲 𝐸 =
2𝐸

𝜇

1
2

𝝈𝑖→𝑓(𝐸)Rate

Early Career Conference in Trapped Ions, 7-12 July 2024.



Competing processes
Incoming channel
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- NRQ (Non-Radiative Quenching)

FSQ NRCE NRQ

https://arxiv.org/abs/2406.16017
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- NRQ (Non-Radiative Quenching)
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Langevin cross section:

𝜎𝐿 = 2𝜋
𝛼

2𝐸
,        𝛼 – polarizability of the atom

                                   E – collisional energy
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- NRQ (Non-Radiative Quenching)

Partial cross section

NRCE

Langevin cross section:

𝜎𝐿 = 2𝜋
𝛼

2𝐸
,        𝛼 – polarizability of the atom

                                   E – collisional energy
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Cross section

Cross sections and reaction rates
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Cross sections and reaction rates
- FSQ (Fine Structure Quenching)

- NRCE (Non-Radiative Charge Exchange)

- NRQ (Non-Radiative Quenching)

Rate

Cross section
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Cross sections and reaction rates
- FSQ (Fine Structure Quenching)

- NRCE (Non-Radiative Charge Exchange)

- NRQ (Non-Radiative Quenching)
Cross section

Rate

THEO.

RateNRCE < RateNRQ    
𝑫𝟑/𝟐:

RateNRCE > RateNRQ

𝑫𝟓/𝟐:
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RateNRCE > RateNRQ
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- FSQ (Fine Structure Quenching)

- NRCE (Non-Radiative Charge Exchange)

- NRQ (Non-Radiative Quenching)
Cross section

Rate

Cross sections and reaction rates
+ experiment
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𝑫𝟑/𝟐:

RateNRCE > RateNRQ
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Good agreement with the experiment!
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Cross section

Rate
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RateNRQ
RateNRCE

≈ 10

𝑫𝟑/𝟐:

𝑫𝟓/𝟐:
RateFSQ

RateNRCE
≈ 10

RateFSQ
RateNRQ

≈ 104RateNRQ
RateNRCE

≈ 0.001

- FSQ (Fine Structure Quenching)

- NRCE (Non-Radiative Charge Exchange)

- NRQ (Non-Radiative Quenching)
Cross section

Rate

Cross sections and reaction rates
+ experiment
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Summary

https://arxiv.org/abs/2406.16017

• Good agreement between the theory and 
experiment for the NRCE process

• For 𝐷3/2 incoming channel the theory predicts 
that the NRQ process has higher probability 
than the NRCE, which is consistent with the 
experiment

• For 𝐷5/2 incoming channel they could not 
detect NRQ in the experiment, our theory can 
confirm that, it predicts such a low probability

• For 𝐷5/2 incoming channel the theory 
overestimates the  FSQ process, which could 
be explained by unaccurate spin – orbit 
coupling determination → clarification needed 
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Outgoing channel 

Rb-Sr+

Outlook and perspectives
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𝟐𝟑 × 𝟐𝟑 

• Similar investigations for the same class of systems (eg. Rb - Sr+)
       - different observed process (electronic excitation exchange, EEE)
        - more open channel 
        - denser asymptotic limits
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Rb-Sr+

Outlook and perspectives
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𝟐𝟑 × 𝟐𝟑 

• Similar investigations for the same class of systems (eg. Rb - Sr+)
       - different observed process (electronic excitation exchange, EEE)
        - more open channel 
        - denser asymptotic limits

• Considering spin – polarization of colliding partners in the model
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Thank you for your attention!
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Rate ratios

https://arxiv.org/abs/2406.16017

Tibor Jónás Early Career Conference in Trapped Ions, 7-12 July 2024.



Molecular frame Laboratory frame
coordinate system transformation

where, ja/b – A/B atom el. angular momentum quantum  number
          j – total el. angular momentum quantum number
          l – partial wave quantum number  
          J – total angular momentum quantum number
          M – projectile of total angular momentum quantum number 
          Λ –  projectile of orbital momentum quantum number
          S – spin
          Σ – projectile of spin 
          p – parity 
          Ω – Λ + Σ
          < ⋯ | ⋯ > – Clebsch – Gordan coeffcient

 ⋯  – 9-j symbol

𝑡𝑖𝑗 =

Transformation

Ψ1
𝑙𝑎𝑏

Ψ2
𝑙𝑎𝑏

.

.

.
Ψ𝑁

𝑙𝑎𝑏

=

𝑡11  … 𝑡1𝑁

𝑡21  … 𝑡2𝑁

.  .

.  .  .

.  .
𝑡𝑁1  … 𝑡𝑁𝑁

Ψ1
𝑚𝑜𝑙 Ψ2

𝑚𝑜𝑙 …  Ψ𝑁
𝑚𝑜𝑙

Tibor Jónás

Frame transformation
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