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Ultracold gases (cold atoms)

* Temperatures in nK-mK range

* Bose-Einstein condensation

* Precision measurements (atomic clocks)
 Quantum technologies
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Ultracold gases (cold atoms)

* Temperatures in nK-mK range
 Bose-Einstein condensation

* Precision measurements (atomic clocks)
 Quantum technologies

a)

Dipolar gases: T e

* Lanthanide magnetic atoms

b)
* Anisotropic and long-range
dipolar interactions © &

 Quantum simulation, many-
body physics, ...

<)

M. Norcia & F. Ferlaino, Nat. Phys. 17, 1349 (2021)
L. Chomaz et al., Rep. Prog. Phys. 86, 026401 (2023)
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Atomic data for laser-cooling
é Many cycles of
— absorption — spontaneous emission
— (\y

? —~—— le)
|

Vescent website
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Atomic data for laser-cooling

Many cycles of
absorption — spontaneous emission

3 le)

Vescent website —

19,

1g9)

m) Need A, Einstein coefficients, branching ratios, line strengths...
to characterize cooling and trapping efficiencies
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Laser-cooling scheme for neutral Er
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J. J. McClelland et al., PRL 96, 143005 (2006)
G. A. Phelps et al., arxiv:2007.10807 (2020)
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Laser-cooling scheme for neutral Er
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The species under consideration

57 | 58 | 59 [/60 \ 61 | 62
La | Ce | Pr |Nd |Pm | Sm

& I

Ho,* Er*

Er,
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The species under consideration
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Phys. Scr. 98 025407 (2023)
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Th

e species under consideration
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old interp.
new interp.
: only theor.I
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* Ho Rydberg states

@e_ J. Hostetter et al., Phys. Rev. A 91, 012507 (2015)

A. Trautmann et al., Phys. Rev. Research 3, 033165 (2021)
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Einstein A, coefficients for lanthanides — Er*

_ i * Many measurements published
10 by the Wisconsin group

Ex: for Ert, J.E. Lawler et al.,
ApJSS 78, 171 (2008)

Exp. A, coeff. (5'1)
=
(o]

10* F :
............................

5000 10000 15000 20000 25000 30000
Trans. wave number (cm'1)

418 experimental A, for [289; 1984] nm, levels up to 46750 cm'™?
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Einstein A, coefficients for lanthanides — Er*

10" 1 * Many measurements published
10" f 1 by the Wisconsin group
53;106 Ex: for Er*, J.E. Lawler et al.,
£l | ApJsS78,171(2008)
104%... T ....é
5000 10000 15000 20000 25000 30000

Trans. wave number (cm'1)

418 experimental A, for [289; 1984] nm, levels up to 46750 cm'™?
BUT: 21 000+ possible transitions (with E1 approximation)

mm) Use experimental A, to adjust a set of appropriate parameters
=) Predict non measured A, coefficients
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Principle of the calculations

10/07/2023 M. Lepers




Semi-empirical calculations of energies

Similar for energies and Einstein A, coefficients
1. Ab initio calculations (Hartree-Fock + relativistic = HFR) for a set
of chosen electronic configurations => {P,;(r)}
2. Building the atomic Hamiltonian for each parity and J
H = radial part {P,,;(7)} x angular part (Racah algebra)
mm) Eigenvalues (energies) & eigenvectors (Landé g factors, A, )

3. Least-square fitting of energies by adjusting radial parameters

Robert D. Cowan'’s suite of codes
A. Kramida, Atoms 7, 64 (2019)
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Semi-empirical calculations of energies

Similar for energies and Einstein A, coefficients

1. Ab initio calculations (Hartree-Fock + relativistic = HFR) for a set
of chosen electronic configurations => {P,;(r)}

2. Building the atomic Hamiltonian for each parity and J

H = radial part {P,,;(7)} x angular part (Racah algebra) <

mm) Eigenvalues (energies) & eigenvectors (Landé g factors, A, )

3. Least-square fitting of energies by adjustingTadial parameter>—

Robert D. Cowan'’s suite of codes
A. Kramida, Atoms 7, 64 (2019)
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Semi-empirical calculations of A, coefficients

wi (il d] k)|
A, = Lk k) = b
ik = e hcd (2); + 1) 4 k) zb o1D)
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Semi-empirical calculations of A, coefficients

wi (il d] k)|
A, = Lk k) = b
ik = e hcd (2); + 1) 4 k) Zb o1D)

2

J
a;; depend on eigenvalues and eigenvectors (previous slide)
+00 ,
T = fo drP,;(r)rP,;(r) = adjustable parameters

(nl,n'l") safistify the electric-dipole selection rules

T = Jj X Tj,HFR

10/07/2023 M. Lepers




Involved configurations in Er*

A

4f11502

4f115d6s

Energy

Even parity Odd parity
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Involved configurations in Er*

4 6s - 6p

Energy

Even parity Odd parity
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Involved configurations in Er*

4 6s - 6p

Energy

Even parity Odd parity
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Involved configurations in Er*

4 6s - 6p

Energy

Even parity Odd parity
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Involved configurations in Er*

4 6s - 6p

Energy

Even parity Odd parity
=) 10 adjustable r; parameters, 5 groups
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Semi-empirical calculations of A, coefficients
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Semi-empirical calculations of A, coefficients
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Results for erbium
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Fitted energy levels
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Fitted energy levels
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J.-F. Wyart and J. E. Lawler, par
Phys. Scr. 79, 045301 (2009) 55 63
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Predicted energy levels

Experimental levels (long dashes) + predicted levels (short dashes)
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Fitting of A, coefficients
Group Subshell Scaling
Number pair factor

1 (4f126s|r|4f126p) 0.886
2 (4f116s2|r|4f126s6D) 0.876
3 (4f115d6s|r|4f125d6p) 0.797
4 All (5d|r|6p) 0.808
5 All (4f|r|5d) 0.817

aa (s)

OlgA

2.2 % of the largest A,
0.61 < most ratios < 1.65
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A, coefficients

Including all experimental transitions
0.25 — . ; . M

0.15 | -

Distribution

0.05 | :

log(Aca/Aex p)
22 transitions with ratio< 0.2 or > 5
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A, coefficients

Including all experimental transitions
102 b P ERE L | L |

10-4 - .......I PP LT BT B R T
107 107 107 107 10° 10
Acal"{’qexp

A. Kramida, FST 63, 313 (2013)
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Dynamic dipole polarizability (Er)

Polarizability (a.u.)

10/07/2023
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Dynamic dipole polarizability (neutral Er)

Comparison with ultracold experiment (Innsbruck)

Wavelength (nm)
2000 1000 500 400 300
1500 r . .
1000

O (B0)

40000

30000

-1500 L : .
10000 20000
Wave number (1/cm)

J. H. Becher et al., Phys. Rev. A 97, 012509 (2018)
33

M. Lepers
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Conclusion & propospects

» Calculation of A, coefficients for complex cold atoms

» Using least-square fitting to experimental values

» Package FitAik working in interaction with Cowan

https://gitlab.com/labicb/fitaik/

» Publication in CaDDiAcS database
https://vamdc.icb.cnrs.fr/caddiacs/

» Results for Er*, but also Er, Dy, Ho, Cr, Nd

» Future calculations: Tm, Tm*, ...
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Conclusion & propospects

» Calculation of A, coefficients for complex cold atoms

» Using least-square fitting to experimental values

» Package FitAik working in interaction with Cowan

https://gitlab.com/labicb/fitaik/

» Publication in CaDDiAcS database
https://vamdc.icb.cnrs.fr/caddiacs/

» Results for Er*, but also Er, Dy, Ho, Cr, Nd

» Future calculations: Tm, Tm*, ...

Thank you for your attention !
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Angular part of the Hamiltonian

Angular basis sets (in LS coupling)

|b) = |7’l1l1w1 a LS, 1,10,

Y2 a3L,S5, LS|M)

* Orbital angular momentum: L = L1 + Lz

e Spin angular momentum:
e Total angular momentum:

Ex: Erf ground level: [Xe

10/07/2023

]4f12(°H) 6s(°S) *Hy5/,

L1=5
Sl=1

S=S +5,
J=L+S
L =
L, =0 S =3/2
S, =1/2 | |[J=13/2
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Lande-g factors

Magnetic moment: i = —ug X g X J

M. Lepers
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Lande-g factors

Magnetic moment: i = —ug X g X J
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Scaling factors and standard deviations

SE (1) (2) (3)

fi 0884+0.056 0.886+0.046 0.987 +0.081
£ 0877+0.055 0.876+0.044 0.892 + 0.607
fi 0797 +0.088 0.797 +0.071 0.870 + 0.187
fi 0799 +0.493 0.808 +0.394 0.857 + 0.099
s 0822+0.701 0.817 +0.569 0.859 + 0.179
oa  5488x10° 4565x10°  5.891 x 10°
Tlga 0.524 0.217 0.199

10/07/2023
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CaDDIiAcS database
o

Wavelength Einstein Lower Lower Lower Leading Low_er Upper Upper . Upp_er
(nm) A cc_n:eff. Ener_?y Angular Term Leading Ener_gy Angular Upper Leading Term Leading
(s) (em) Momentum Percentage (cm-?) Momentum Percentage

200.7 4286e+5 | 0.000 13/2 4f12(3Hg)Bs 4, (6,1/2) 98.1 49849.0 11/2 (13 l;ggf:g’;)j‘:g’i 2y 197
200.9 7.828e+5 0.000 13/2 4F12(3Hg)65s4/, (6,1/2) 98.1 49785.6 11/2 41 (4F°;,,)50%(3P,) (7/2,2)° 224
201.5 2.349e+5 | 0.000 13/2 4f'12(He)6s47, (6.1/2) 98.1 49641.7 13/2 @ 1245]‘/1;()1?;2?,)5?;&1 2y 243
202.1 2.429e+6 0.000 13/2 4f12(3Hg)Bs1/5 (6,1/2) 98.1 49482.7 11/2 4f1(1G°,,,)5d6s(3Ds) (7/2,3)° 211
202.5 1.152e+5 0.000 13/2 411?(3Hg)6312 (6,1/2) 98.1 49406.6 13/2 471 (*F%2)5d%('D5) (9/2,2)° 17.8
202.6 3.878e+5 0.000 13/2 4'2(3Hg)634, (6.1/2) 98.1 49371.4 11/2 411(*G%,,)5d6s(3D3) (7/2,3)° 15.9
202.6 2.477e+5 0.000 13/2 4f12(°Hg)6542 (6,1/2) 98.1 49361.0 15/2 411 (*F%)5d%(1G,) (9/2,4)° 28.0
203.4 8.767e+5 0.000 13/2 4f12(°Hg)6s42 (6,1/2) 98.1 49188.9 1172 4f11(2K®43,)5d6s(°D3) (13/2,3)° 214
204.0 4.585e+3 0.000 1312 4f12(*Hg)6s4, (6,1/2) 98.1 49035.1 11/2 4511(*1%,,)5d%('D,) (9/2,2)° 16.8
204.5 2.014e+5 0.000 13/2 4F12(3Hg)65s4/, (6,1/2) 98.1 48919.9 11/2 471 (4F°5,5)5d%(3F) 3[11/2]° 11.1
204.6 4.240e+5 0.000 13/2 4f12(3H,)Bs,,, (6.1/2) 98.1 48889.9 13/2 41 (415,,)5d2('G,) (9/2.4)° 319
205.6 4.104e+5 | 0.000 13/2 4112(3Hg)Bs 4y, (6,1/2) 98.1 48645.6 1172 (13 /;f;;gfg’zf‘:;ﬁ 2y 19.3

206.077 4.745e+3 0.000 13/2 4f'2(3Hq)Bs,,, (6,1/2) 98.1 48525 656 13/2 41 (419,,)5d2(1G,) (9/2,4)° 18.0
207.2 2.968e+5 0.000 13/2 4f12(3Hg)Bs,,, (6,1/2) 98.1 48274.1 15/2 4f1(2K°,4,,)5d6s(°D) 3[15/2]° 617
207.8 2.886e+4 0.000 13/2 4f'2(3Hg)Bs,,5 (6.1/2) 98.1 481359 15/2 41 (4F0,,)5d2%(3F,) (7/2.4)° 372
207.8 7.864e+4 0.000 13/2 4f12(3H,)Bs,,, (6,1/2) 98.1 48132.3 11/2 A1 (4F,,)5d2(3F;) (5/2,3)° 12.2
208.2 1.274e+5 0.000 13/2 4f12(3H,)Bs,,, (6,1/2) 98.1 48052.5 11/2 41 (4F°;,5)5d2(3F) 3[9/2]° 14.4

10/07/2023
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Laser-cooling of Er*?

energy (103 X cm'1)

10/07/2023
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Laser-cooling of Er*?
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M. Lepers et al., Phys. Rev. A 93, 011401 (2016)
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