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Introduction

* 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
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Introduction

* 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:

SLi-138Ba", in collab. with Uni. Freiburg
87Rb - 88Sr*, in collab. with Weizmann Inst.
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Experiment: Uni. Freiburg

138Bat: singleion

~365 uK in the lab

metastable 5D, 5, excited state
(lifetime 32s,80s)

6y s . :
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Potential energy in the molecular frame
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Frame transformation

coordinate system transformation
Molecular frame Laboratory frame

{IASZ,Q=A+2Z%], parity)} ) {ja,jg.J, L], parity) }

Tibor Jonas Early Career Conference in Trapped lons, 7-12 July 2024.



___—Molecular structure
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Multi-Channel Quantum Scattering (MCQS)

Cross sectlon

Where,S—S— tri
al*f(E) - k2 Z(Zj + 1) z | S (] lf ]f’ mf’p < ] ll’]l’ml’p) J—totalar:;u[;xr momentum quantum number

li,jim; [ - partial wave
1 lf ]f mg J—electronic angular momentum quantum number
2E\2 m - projectile of the electronic angular momentum
Rate K(E) = (7) O'i_,f(E) p — parity
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Multi-Channel Quantum Scattering (MCQS)

Cross section

_ where, S-S — matri
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C om p eti 1] g p rocesses - FSQ (Fine Structure Quenching)
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C om p eti 1] g p rocesses - FSQ (Fine Structure Quenching)

Incoming channel
Li(ZSl/z) + Ba*(5Dg,,) Li(zsl/Z) + Ba®(5Dg,,)
Cross section
FSQ_NRCE NRQ

UL T rrrrg

- NRQ (Non-Radiative Quenching)

ReE _NRQ

. NRCE 5 . -NRO
—NR! 1 —L.
D5/2 + parlty —Langcvin 010 - D3/2 + parlty angevin

10 10°

10 T Illllll T T lilllll T T ||||||I Ll NRCE
~NRQ

10° D3/2 - parity —Langevin

. 2
Cross section (cm”)
[

Cross section (sz)
&

S

- =¢
5
s o8

0 10°

1oEnergy 1/okB (K) 1

https://arxiv.org/abs/2406.16017

Tibor Jonas Early Career Conference in Trapped lons, 7-12 July 2024. 10/15



C om p eti 1] g p rocesses - FSQ (Fine Structure Quenching)
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C om p eti 1] g p rocesses - FSQ (Fine Structure Quenching)

Incoming channel

Li(251/2) + Ba*(3Dg,5,) Li(254/2) + Ba*(3Dg,5)
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- FSQ (Fine Structure Quenching)

Cross sections and reaction rates

- NRQ (Non-Radiative Quenching)

Cross section

Cross section (sz)
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- FSQ (Fine Structure Quenching)

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

Cross sections and reaction rates

- NRQ (Non-Radiative Quenching)
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- FSQ (Fine Structure Quenching)

Cross sections and reaction rates
+ experiment NRQon Radistie Quenching

Cross section
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- FSQ (Fine Structure Quenching)

Cross sections and reaction rates
+ experiment NRQon Radistie Quenching
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- FSQ (Fine Structure Quenching)

Cross sections and reaction rates
+ experiment NRQon Radistie Quenching
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- FSQ (Fine Structure Quenching)

Cross sections and reaction rates
+ experiment NRQon Radistie Quenching

Cross section
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Summary

 Good agreement between the theory and

experiment for the process
JREREL IR AT LR RRL IR '””‘i E AR EREL NERLELA AL LR L ALLL "”'? . . .
ol o) /Ds/z . 1 b d Dy ] For D3/, incoming channel the theory predicts
. ——a— == that the NRQ process has higher probability
”\cr? 10° E @ A 10° . . . .
. : — ] than the , Which is consistent with the
€ [ —NESF 10 [ N .
= 107 ¢ —tangevin | 107 F experiment
_&) - thermalized o
&S 10" ;F .ig«mﬂ{ 4 10" é_ :’;L\\;L{%éfm
F cxp o thermalize . .
12 = § 2 [ S« For De, incoming channel they could not
10 10 3 5/2
s Coonind s vl ool wsonld oo ol ol 3 vl ¢ v detect NRQ in the experiment, our theory can
10° 107 10" 100 107 10° 107 100 107 107 confirm that, it predicts such a low probability
Energy /kg (K) Energy/kg (K)

* For D5/, incoming channel the theory
overestimates the FSQ process, which could
be explained by unaccurate spin — orbit
coupling determination — clarification needed

https://arxiv.org/abs/2406.16017
Tibor Jonas Early Career Conference in Trapped lons, 7-12 July 2024. 12/15




Outlook and perspectives

* Similarinvestigations for the same class of systems (eg. Rb - Sr*)
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* Similarinvestigations for the same class of systems (eg. Rb - Sr*)
- different observed process ( )
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Outlook and perspectives

* Similarinvestigations for the same class of systems (eg. Rb - Sr*)
- different observed process ( )
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Outlook and perspectives

* Similarinvestigations for the same class of systems (eg. Rb - Sr*)
)

- different observed process (
- more open channel
- denser asymptotic limits
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Outlook and perspectives

* Similarinvestigations for the same class of systems (eg. Rb - Sr*)

- different observed process ( )
- more open channel
- denser asymptotic limits

* Considering spin — polarization of colliding partners in the model
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Thank you for your attention!

Tibor Jonas Early Career Conference in Trapped lons, 7-12 July 2024. 15/15



Rate ratios

Event Process Counts Ratio(%) I{M(;QS/I{E" : KM(ITQS—LXKEL

5D5/9: K™ =4.69 x 1079 cm?/s; Ki" = 4.81 x 1072 cm? /s

EC 177 - - _
Hot NRQ | 302 90.6(16)'0.154(45)%“(27)31,3' | 0.21;0.18
Loss NRCE 31 9.4(16) | 0.016(5)stat(3)sys 0.021;0.012
Total 510

5D5 /5 K;™ =4.81 x 1077 cm?®/s; Ki" = 4.81 x 1077 cm? /s

EC 41 _ ; ]

Cold+Hot 4248 66(6) | 0.198(26)s1as(40)sys | | 1.06;0.725

Loss NRCE 25 34(6) | 0.102(14) stat(20) sy 0.052;0.16
Total 116

https://arxiv.org/abs/2406.16017
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Lpllab
1_I_leab\

\‘P,(:,“b/

Transformation
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t11
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tn1

th\
. tZN

)

Frame transformation

Molecular frame

(piret et

coordinate system transformation

meesssssss——) Laboratory frame

where, j,,, —A/B atom el. angular momentum quantum number

Lp]\;wl)

tij = < Jadsgld MIASSIMp >= (1)1 277(2 = 55 y05) /2
X [L+4 (=1)Fet Bt (1 — 55 455.0)]

% V(25 +1)(2ja + 1)(255 + 1)
x < 10|75 — Q, JQ >< LA|L,A,, LAy >

1

Ly, Sy jv
L s

} < JQLA,SY >

j —total el. angular momentum quantum number

| — partial wave quantum number

J —total angular momentum quantum number

M - projectile of total angular momentum quantum number
N\ — projectile of orbital momentum quantum number
S -spin

2 — projectile of spin

p — parity

Q-N+2

< ++|++ >-Clebsch-Gordan coeffcient
{---}-9-jsymbol
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