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Ultracold AMO Physics has developed quantum physics
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Recent Ultracold AMO Physics
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Our interest in Ultracold AMO Physics
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Our interest in Ultracold AMO Physics

AMO
Spin-imbalanced fermions in a harmonic potential
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Quantum simulation

Fermi system with a negative sign problem
for Quantum Monte Carlo Calculation

Development of improved algorithm
(complex Langevin method)
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Our interest in Ultracold AMO Physics

AMO

Quantum simulation

Neutron matter EOS

Internal energy per neutron

Three-component fermi system
Optical upgrade of magnetic

Feshbach resonance Phase diagram under 1/a = 0
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Atomic species we have used

6L i atoms
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Fine structure
(Spin-Orbit coupling)
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L aser cooling of 6Li atom

Cooling transition lines

Magneto-optical trapping
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Realization of ultracold atomic gas

Evaporative cooling

Remove energetic atoms selectivity

Trap cold atoms in an optical trap




Atomic species we have used
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Interacting Fermi system under Ultracold temperature

1
Q- ——,o> .
2
) \j U2 (Rq,) : detail of particles

How can we enjoy universal physics using such atomic interaction !?




Interaction between two Li atoms : molecular potential

Calculation of the real Li2 potential is challenging problem

Chemical Physics

Volume 323, Issues 2-3, 21 April 2006, Pages 563-573

Calculation of adiabatic potentials of Li,

P. Jasik & =, |.E. Sienkiewicz =

‘ I ‘ Journal of Chemical Theory and Computation
pubs.acs.org/JCTC

J. Chem. Theory Comput. (2014), 10, 1200—1211

First Principle Calculations of the Potential Energy Curves for
Electronic States of the Lithium Dimer
Monika Musial* and Stanistaw A. Kucharski

Institute of Chemistry, University of Silesia, Szkolna 9, 40-006 Katowice, Poland

Calculation of the real Li3 potential is
more challenging problem

Calculations of long-range three-body interactions for
Li(225) — Li(22S) — Li(2°P)

Pei-Gen Yan, Li-Yan Tang, Zong-Chao Yan, and James F. Babb
Phys. Rev. A 94, 022705 — Published 9 August 2016

A diabatic representation of the two lowest electronic states of Lis

J. Chem. Phys. 140, 154304 (2014); https:/ doi.org/10.1063/1.4871014

Elham Nour Ghassemi', Jonas Larson®?, and Asa Larson® @
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Interaction between two Li atoms : molecular potential

Li, molecular potential without considering atomic fine structure
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Interaction between two Li atoms : molecular potential

Li, molecular potential without considering atomic fine structure
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Fine structure (It is for K2, not Li2)
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Principle of universal physics
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Feshbach resonance

Electric ground state
Combination of them is spin triplet
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Feshbach resonance
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Feshbach resonance

Applying magnetic field
B

A\

One of the bound
states in the singlet
potential

Spin triplet potentials show Zeeman splitting
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Feshbach resonance
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Feshbach resonance
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Feshbach resonance
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Feshbach resonance in nuclear physics (from presentation by Y. Sakuragi)

- 1 M. Nogami, private comm.(1969)
No‘g anm/ ImanISh moa’e/ B. Imanishi, Nucl. Phys. Al25 (1969), 33.
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Feshbach resonance of 6Li atoms

Energy shift : AE [MHZz]
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Scattering length : a4, [a,]

Feshbach resonance between |1) and |2) of 6Li atom
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Size of Feshbach molecules are huge

Li, molecular potential
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Previous experiment to confirm the Feshbach molecules

Rf spectroscopy
Rf spectroscopy
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Our interest in Ultracold AMO Physics

Ideal condition to study a many—body system of quantum clusters
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Absorption spectroscopy of Feshbach molecules

Motivation

1. How does optical dipole transition change when particles associate clusters?
Are there some universal rule?

2. Optical response is important for precision measurement of cold atoms.




Scattering length : a,, [a,]

Method
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Experimental setup
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Experimental procedure
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Spectral data @ 650Gauss
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Spectral data @ 650Gauss
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Two-dimensional spectral data
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Two-dimensional spectral data
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Normalized OD

Line shapes at different Feshbach magnetic fields
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Overlapping ratio between experimental data and the line shape of the free atom

13 23 12
By By” Bo
10 1 I | | . - Feshbach resonances of ®Li atoms
: 10000fFrrrqrrrrrrgrpprrrrrrryopprgrrrrrrprrren 1.0
o0 O
09 — (DC)ﬁE; @;iQ) —
e @8@3@ 8000 — 08
08 g — — 6000 — |12>—1 06 @
' 0 =) - =
= S 113> =
- cQ S, 4000 — -] 04 B
2 o7 L Cé A N = >
< ' . AR P 'gs) 2000 p12 — 0.2 Lg
Q O , & o ) 0 S
C_U éé 1 1 — 0 0.0 D
Qo Qg ' . c | (@)
3 o ©F P S -2000 g2 <
05 Ggf)A O Atom: [1>and 2> _ g _4000 \ K | 0.4 E
B A | © Mol:ji2> < ! /o T
0.4 er A ‘| ®m Mol: 13> o -6000— , S — -06 N
) ' A Mol : |23> -8000 : ’l ,’ — -08
A : T AN
03 | | | :| | |: ! | . _100001_|.||||l||||l||l||||||I|||||||||||||||J_I._1.0
600 700 800 900

600 650 700 750 800 850

Magnetic field [Gauss] Magnetic field [Gauss]



Overlapping ratio between experimental data and the line shape of the free atom
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Overlapping ratio between experimental data and the line shape of the free atom

Simple model

Feshbach molecule has a spherical density distribution :

10_|_ I IIIIIII I I IIIIIII I I IIIIIII 1]
1 exp(—R/a) o o) 6
R) = 0.9 = -~ i — 1 —
N PR
0.8 |- C —
We assume that existence probability outside of R, = 1/C;
contribute to the optical transition as free atoms % 0.7 | —
2 A
To R 1 T °r S O Atom: 1> and 2> |
4R?|Y, (R)|?dR = exp <—2 —) = exp (—2—) S om :[1>an

a c. (2 ®) ‘ @ Mol:[12>
e ! (’1) Q / B Mol : 13> —

A Mol : 23>
a 1 0.4 — Simple model —

Fitting function: f (I) = Aexp <—2 (a)) - — - Noise level

C, (=
. / . 4 /1 0?’_l- | IIIIIII | | IIIIIII | | IIIIIII T
Experimental noise 2 4 6 801 2 4 6 81 2 4 6 810 2
A =0.904(4)
itti : a/l
Fitting result : C, = 58(4), or R, = 11.6(8)nm /



Planning experiment to confirm the universal behavior

This experiment

Next experiment
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Assisnment of the excited molecular states

|23> molecule |13> molecule |12> molecule
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Energy [em™=1]

Lithium molecule and Zeeman shift

Li, molecular potential
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P. Jasik and J.E. Sienkiewicz
Chemical Physics 323 (2006) 563-573



How can we assign the excited molecular states

We have not achieved yet, but we have clues

1. Conservation of total angular momentum and the selection rules

e 2
. |1) :

Rotation

(mf =mg +my +mi)

: m, =0 (s-wave)

Initial state
Mip = mjlc1> + mjlc2> +m,+m, = -1
Feshbach molecule Dip
1

12> _ _ —

me” = > +0+0
Photon

m>=—2i041 |4

v 2 Helicity :m,=-1(c"")

ole transi

Final state
(Excited molecular state)

Mipj = —1
[IoN

Total angular molent:
Al =0,£1,] =0+ ] =0

Electron orbital angular
momentum along the
molecular axis: AA =0, +1

Total electron spin: AS = 0




2. Landé g-factor

Foratom: Hg=—-us-B—u,-B—pu;-B
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2. Landé g-factor

For diatomic molecule :

Hp=—-pus-B—p,-B—u-B—pup-B
~—MpsB—p,-B

Unit vector along the
molecular axis: k —

Fig.3.40 HUND’s cases (a), (b), (¢)

Hertel I.V., Schulz CP. (2015) Diatomic Molecules. In: Atoms, Molecules and
Optical Physics 2. Graduate Texts in Physics. Springer, Berlin, Heidelberg



2. Landé g-factor

g  (S-k)(k-J)(J-B) pup (L-Kk)(k-]J){J-B)
~ 7 Is ]2 +7gL ]2

Strong coupling of L along the molecular axis, and strong LS coupling
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B~ 7 Us J2 +79L K2J?

A = 0, or high rotational molecule
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Detuning [MHZz]

| will evaluate later, and assign them.
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Planning experiment to access triatomic molecules

This work Next challenge
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[P. Naidon, Phys. Rev. Lett. 105, 023201 (2010) ]

Calculation of the real Li2 potential is challenging problem

Chemical Physics

3, 21 April 2006, Pages 563-573

A_.‘:';A.i“" L

Calculation of adiabatic potentials of Li,

Calculation of the real Li3 potential is
more challenging problem

ICTC-

J. Chem. Theory Comput. (2014), 10, 1200-1211

Calculations of long-range three-body interactions for
First Principle Calculations of the Potential Energy Curves for Li(2 25) — Lj(2 35) —Li (g 2p)
Electronic States of the Lithium Dimer
Monika Musial* and Stanislaw A. Kucharski h, “J ‘ 9‘1‘1'\“/‘/‘ ’.‘ ,‘ [ ‘.‘_‘ 0 Yan, and James F. Babb

iblished 9 August 2016
Institute of Chemistry, University of Silesia, Sekolna 9, 40-006 Katowice, Poland

A diabatic representation of the two lowest electronic states of Li;

J. Chem. Phys. 140, 154304 (2014)

Feshbach molecule and Efimov trimer by 6Li atoms



Planning experiment to access triatomic molecules

|12> molecule

Normalized optical density
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Summary

Ultracold AMO experiment for quantum few—body and many—body

* Road from complex molecular potentials to Universal Feshbach molecules

v Low energy scattering with a short range potential is origin of the universal physics
v" Two—channel coupling realize Feshbach resonance

 Absorption spectroscopy of Feshbach molecules

v" We experimentally studied optical response on Feshbach molecules for the precision measurement
v' The change of the line shapes looks universal behavior as a function of a/A

v Various excited molecular states were found, they will improve molecular calculation

* Next challenge
v'  Taking spectroscopy with shorter wave length
v"  Dipole transition of Efimov trimer to the excited triatomic molecules
v' Coherent transfer from BEC of the Feshbach molecule to the rotating molecules



