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Island of stability

> 1year

® We are interested in searching for the island of Half-life r
stability, defining new frontiers in nuclear physics! 120~ Welyear @————

110~ [<1ps
- beta-stabilty
< line

® This can be done by testing nuclear models by
investigating the hyperfine structure

protons (Z)

® But...we need to confirm the broad structure
first!

160 170 180

neutrons (N)

IM. Block et al., Progress in Particle and Nuclear Physics 116, 103834 (2021).
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https://doi.org/10.1016/j.ppnp.2020.103834
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Lr and the actinides

excitation energy [om™']
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Applications

The main scientific motivation to study Lr is driven by
an interest in the study of nuclear, relativistic effects

and electron correlations. These strongly influence the
atomic structure.

2B. J. B. Nelson et al., Pharmaceutics 13, 49 (2020).
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https://doi.org/10.3390/pharmaceutics13010049
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Applications

The main scientific motivation to study Lr is driven by

Healthy tissue

an interest in the study of nuclear, relativistic effects Emitied alpha —— “'(‘:"-
. . article
and electron correlations. These strongly influence the P \v
atomic structure. Alpha-emitting a
radionuclide \ J
Bifunctional Tumor cells )’ 6%'
L . . 2 e |
® Nuclear medicine is a rapidly emerging field. chelator —— DNA Damage — Y
! va ;

Linker
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® Targeted alpha therapy (TAT) vector \ /

® o— emitting radionuclides attached to targeting N
vectors to treat various diseases. \

2B. J. B. Nelson et al., Pharmaceutics 13, 49 (2020).
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Experimental setup
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Desorbed
atoms

'@_ Alpha decay

Silicon détector

3J. Warbinek et al., Atoms 10, 41 (2022).
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Hartree-Fock

The energy levels can be obtained by solving the
eigenvalue problem

HY = EV (1)

The HF wavefunction is modelled as a single Slater
determinant

Atom Obs. HF Diff.

n = 2 shell

Li 539 534 005

Be 932 842 090

B 830 843 —-0.13

C 11.26 11.79 —0.53

N 14.53 1544 -091

o} 13.62 1445 -0.385

F 17.42 18.62 —1.20

Ne 21.56 23.14 —1.58

Observed and HF ionisation potientials
for neutral atoms [eV]
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Hartree-Fock

The energy levels can be obtained by solving the ® HF usually does not agree with experiment
eigenvalue problem

HY = EV (1) _
repulsion

The HF wavefunction is modelled as a single Slater ‘ - .
determinant /

Atom Obs. HF Diff. attraction /

n =2 shell /

Li 539 534 005

Be 9.32 842 0.90

B 830 843 -0.13

C 1126 11.79 -0.53 ® HF is a mean-field theory and does not fully

N 14.53 1544 -091 consider electron-electron interactions

(o) 13.62 1445 -0.85

F 1742 18.62 —1.20

Ne 21.56 23.14 —1.58

Observed and HF ionisation potientials
for neutral atoms [eV]
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MCDHF

repulsion

attraction

Ecorr = Fezact — FHF (2)

Electron correlation is defined by

To account for electron correlation, additional
electronic configurations are included

In multi-configurational Dirac-Hartree Fock (MCDHF),
a wavefunction is created by a linear combination of

Methods Results Conclusion
(e]e] 0000 o

configuration state functions (CSFs)

NcsFs
T (yrJM) = > citp; (vimJ M) (3)

=1

where 7, J, M, ~; is the parity, total angular
momentum and magnetic quantum number. ;
describes other numbers needed to uniquely describe
the CSF.

® A CSF is a symmetry adapted linear combination
of Slater determinants

® The Dirac-Colomb Hamiltonian is used.

® Breit interaction and further QED effects are
added perturbationally
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Types of correlation

Two mains types of electron correlation have to be
considered:

® Static correlation - Caused by degenerate HF
energies

® Dynamic correlation - Arises from correlation
of electron motions due to the repulsive Coulomb
interaction

Static correlation - consider single-double-triple (SDT)
substitutions or a multireference (MR) & Layzer
complex

Dynamic correlation is harder. .. Introduce correlation
orbitals

Radial wave function Pp(r)

I
[N)

0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6
Distance from nucleus vr

Li - 7
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Core correlation

Core effects in Lr are strong, due to the ground state
having a lone electron [Rn] 5f 4727
® The correlation orbitals should overlap with the
valence orbitals
® Core orbitals close to the valence will affect
energy separations

@ Stage One (DHF) - Create wavefunction with
DHF

Methods
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(1) Average rin Bohr radii

Results Conclusion
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Core correlation

Core effects in Lr are strong, due to the ground state S“bShi':
having a lone electron [Rn] 5f 4727 o 8s
® The correlation orbitals should overlap with the 7 ;‘5’
valence orbitals — 64

® Core orbitals close to the valence will affect — 25
energy separations —

. . — 5d

@ Stage One (DHF) - Create wavefunction with — :p
DHF — 55

@® Stage Two (VV) - Add correlation orbitals by
increasing the maximum principal quantum
number by one. (One layer)

(1) Average rin Bohr radii
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Core correlation

Core effects in Lr are strong, due to the ground state SUbShi':
having a lone electron [Rn] 5f 4727 o 8s
® The correlation orbitals should overlap with the 7 ;‘5’
valence orbitals — 6d

® Core orbitals close to the valence will affect — 25
energy separations —

. . — 5d

@ Stage One (DHF) - Create wavefunction with — :p

DHF

@® Stage Two (VV) - Add correlation orbitals by
increasing the maximum principal quantum
number by one. (One layer)

® Stage Three (6sp/5sp) - Use the relativistic
configuration interaction (RCI) to include effects
from {6s,6p} subshells. Higher-order relativistic
effects, such as the transverse photon interaction
and leading QED corrections.

(1) Average rin Bohr radii
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Core correlation

Core effects in Lr are strong, due to the ground state SUbShi':
having a lone electron [Rn] 5f 4727 o 8s
® The correlation orbitals should overlap with the 7 ;‘5’
valence orbitals — 6d

® Core orbitals close to the valence will affect — 25
energy separations —

. . — 5d

@ Stage One (DHF) - Create wavefunction with — :p

DHF

@® Stage Two (VV) - Add correlation orbitals by
increasing the maximum principal quantum
number by one. (One layer)

® Stage Three (6sp/5sp) - Use the relativistic
configuration interaction (RCI) to include effects
from {6s,6p} subshells. Higher-order relativistic
effects, such as the transverse photon interaction
and leading QED corrections.

@ Stage Four (5df/4df) - Use RCI to include effects
from {6s, 6p, 5d,5f} subshells. Include leading
corrections as before

(1) Average rin Bohr radii
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Graphical representation of transitions for Lu I and Lr I
6527s 250 — 65%6p 3 Pyp
75?85 250 — Ts*Tp 3Py
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Lu I and Lr I transition energies

Levels Energy [ cm ™~ T |

Element JP Conf Method Two Method Three MR Method Four -+ Static NIST*
Lu 3/2F  6s%5d 0 0 0 0 0 0
Lu 5/2%  6s%5d 590 1695 1619 1778 1702 1993
Lu 1/2=  6s%6p 1334 3548 2358 3864 3864 4136
Lu 3/27  6s%6p 3765 6866 5686 7220 7230 7476
Lu 1/2%  6s%7s 21353 23023 23523 23717 24217 24125
Lr 1/2= 7s°Tp 0 0 0 0 0 -
Lr 3/2t  7s%6d 4907 3145 4853 - - -
Lr 5/2%  7s%6d 7106 6047 7763 - - -
Lr 3/27 7s%Tp 8133 8283 8540 8223 8480 -
Lr 1/27  75%8s 20658 19930 22003 20351 20736 -
Lr 3/2t  75%7d 28543 27700 29922 28073 28607 -
Lr 5/2%  75%7d 28694 27949 30166 28277 28806 -

4A. Kramida and Y. Ralchenko, NIST Atomic Spectra Database, NIST Reference Database 78, 1999.
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Transition rates
Upper levels Lower levels Einstein A coefficent [ s™1 |
Element Jr Conf Jr Conf Two Three Four MR NIST*
Lu 1/2% 6s%7s  1/27  6s°6p 3.1 x 107 4.1x 107 42x10° 3.2x 10" 3.2 x 107
Lu 1/27  6s%7s  3/27  6s%6p 5.2x107  6.9x107 7.2x107 5.4 x 107 4.9 x 107
Upper levels Lower levels Einstein A coefficent [ s™! |
Element Jr Conf JP Conf Two Three Four MR MBPT +CI®
Lr 1/2% 7s%8s  1/27  7s%Tp  3.1x 107 3.4x 107 33x10° 3.3 x 10" 3.5 x 107
Lr 3/2%  7s%7d  1/27  7s%7p  5.0x 107 4.9 x 107 4.6 x 107 3.9 x 107 6.1 x 107
Lr 1727 7s%8s  3/27  7s%Tp  3.3x 107 3.3x107 3.3x107 2.8x 107 3.3 x 107
Lr 3/2%  7s%7d  3/27  7s*7p 9.5 x10° 9.8 x10° 9.7 x10° 6.9 x 106 1.2 x 107
Lr 5/2%  7s%7d  3/27 7s%7p 3.6 x 107 52x107  5.1x107 3.9 x 107 5.3 x 107
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Transition rates
Upper levels Lower levels Einstein A coefficent [ s™1 |
Element Jr Conf Jr Conf Two Three Four MR NIST*
Lu 1/2% 6s%7s  1/27  6s°6p 3.1 x 107 4.1x 107 42x10° 3.2x 10" 3.2 x 107
Lu 1/27  6s%7s  3/27  6s%6p 5.2x107  6.9x107 7.2x107 5.4 x 107 4.9 x 107
Upper levels Lower levels Einstein A coefficent [ s™! |
Element Jr Conf JP Conf Two Three Four MR MBPT +CI®
Lr 1/2% 7s%8s  1/27  7s%Tp  3.1x 107 3.4x 107 33x10° 3.3 x 10" 3.5 x 107
Lr 3/2%  7s%7d  1/27  7s%7p  5.0x 107 4.9 x 107 4.6 x 107 3.9 x 107 6.1 x 107
Lr 1727 7s%8s  3/27  7s%Tp  3.3x 107 3.3x107 3.3x107 2.8x 107 3.3 x 107
Lr 3/2%  7s%7d  3/27  7s*7p 9.5 x10° 9.8 x10° 9.7 x10° 6.9 x 106 1.2 x 107
Lr 5/2%  7s%7d  3/27 7s%7p 3.6 x 107 52x107  5.1x107 3.9 x 107 5.3 x 107

® FErotal = Estatic + EDynamic
® Assuming uncertainties are independent and random:

® SErotal = \/(6E)§tatic + (6E)i2)ytxarxnic
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Comparison with previous theory
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Levels Energy [ cm 1 |
Jr Conf  Our work MBPT + CI° RCCSD® FSCC® CI + all order” MCDHF® MCDHF?
1/2=  7s°Tp 0 0 0 0 0 0 0
3/27  7s%7p 8480 8606 8677 8413 8495 8138 7807
1/2T  7s%8s 20736 20485 20533 20118 20253 20405 -
3/2T  7s%7d 28607 28580 - 28118 - - -
5/2%  75%7d 28806 28725 - 28385 - - -

5E. V. Kahl et al., Physical Review A 104, 052810 (2021).
6A. Borschevsky et al., The European Physical Journal D 45, 115 (2007).
7V. A. Dzuba et al., Physical Review A 90, 012504 (2014).
88. Fritzsche et al., The European Physical Journal D 45, 107 (2007).

1 (2002).

9Y. Zou and C. Froese Fischer, Physical Review Letters 88, 18300

“\W@
S


https://doi.org/10.1103/PhysRevA.104.052810
https://doi.org/10.1140/epjd/e2007-00130-9
https://doi.org/10.1103/PhysRevA.90.012504
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https://doi.org/10.1103/PhysRevLett.88.183001
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Summary

® Calculations were performed on Lu I and Lr I with ® Not properly including static correlation leads to
good agreement with NIST and previous theory. a contracting effect of the separations

® 75285 — 7s27p = 20736 + 560cm !

o 75%7d — 7s%7p = 28607 + 672cm L.

Ab-initio multiconfigurational calculations of experimentally significant energy levels
and transition rates in Lr I (Z = 103)

J. S. Andrews,? J. Grumer,® S. Fritzsche,»>4 A. Bondarev 6

! Theoretisch-Physikalisches Institut, PFriedrich-Schiller-Universitit, 07743 Jena, Germany
2 Helmholtz-Institut Jena, 07743 Jena, Germany
3 Theoretical Astrophysics, Uppsala University, Uppsala, Sweden
1GSI Helmholtzzentrum fiir Schwerionenforschung GmbH, 64291 Darmstadt, Germany
5Malmé University, Malmé, Sweden

24 P, Jonsson,” and J. Bieron
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Summary
® Calculations were performed on Lu I and Lr I with ® Not properly including static correlation leads to
good agreement with NIST and previous theory. a contracting effect of the separations

Lr I Outlook

® Further calculations could variationally
incorporate static and dynamic correlation.

o 76285 — 7527p — 20736 + 560cm ! ® To do this, new tecllrlglogies would be rlleeded st_lch
as non-orthogonal orbital sets or machine learning
o 75%7d — 7s%7p = 28607 + 672cm L. ® Hyperfine splittings of Lr I

Ab-initio multiconfigurational calculations of experimentally significant energy levels
and transition rates in Lr I (Z = 103)

J. S. Andrews,? J. Grumer,® S. Fritzsche,»>% A. Bondarev,>* P. Jénsson,> and J. Bieron®
! Theoretisch-Physikalisches Institut, Priedrich-Schiller-Universitit, 07743 Jena, Germany
2 Helmholtz-Institut Jena, 07743 Jena, Germany
3 Theoretical Astrophysics, Uppsala University, Uppsala, Sweden
4GSI Helmholtzzentrum fiir Schwerionenforschung GmbH, 64291 Darmstadt, Germany
®Malmé University, Malmo, Sweden
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