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Aufbau Principle

Atoms HCIs

Madelung-Janet filling rule Coulomb filling rule
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Aufbau Principle

Atoms

Madelung-Janet filling rule

HCIs

Coulomb filling rule

Orbital crossing

J. C. Berengut et. al, PRL 105, 120801 (2010)

• Optical transitions

• Variation of the fine-structure constant
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Periodic table based on Coulomb filling?
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Periodic table for HCI

C. Lyu, et. al, 

arXiv:2504.11237 (2025)

• 2 electron，4 orbitals

• In total 𝐶4
2=6 occupations

• The 6 magnetic states for J=0,2

• Split 𝑙 into 𝑙− and 𝑙+;

• 𝑑− and 𝑝+, 𝑓− and 𝑑+ are lined together;

• Closed-shell configuration;

• Single electron/hole valence configuration;

• Multiple electron valence configuration;

• Electron-hole symmetry;

• Forbidden transitions;

• ....
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Periodic table for HCI

C. Lyu, et. al, 

arXiv:2504.11237 (2025)

• Split 𝑙 into 𝑙− and 𝑙+;

• 𝑑− and 𝑝+, 𝑓− and 𝑑+ are lined together;

• Closed-shell configuration;

• Single electron/hole valence configuration;

• Multiple electron valence configuration;

• Electron-hole symmetry;

• Forbidden transitions;

• ....
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Relativistic effects

vs      s

Electron screenings

4d

4d5/2

4d3/2

56 eV

4d

4d5/2

4d3/2
1.4 eV

C. Lyu, et. al, Commun. Phys. 8, 3 (2025)

4𝑑3/2
4 4𝑑5/2

2

4𝑑6

∝ 𝑍4

GRASP calculations

57La12+
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𝑛𝑑3/2
2

𝑛𝑑5/2
2

𝑛𝑑5/2
3

𝑛𝑑5/2
4

n=3 n=4 n=5

GRASP calculations C. Lyu, et. al, arXiv:2504.11237 (2025)
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Periodic table for HCI

C. Lyu, et. al, 

arXiv:2504.11237 (2025)

U73+ U72+ U71+ U70+ U69+ U68+ U67+ U66+ U65+

• Split 𝑙 into 𝑙− and 𝑙+;

• 𝑑− and 𝑝+, 𝑓− and 𝑑+ are lined together;

• Closed-shell configuration;

• Single electron/hole valence configuration;

• Multiple electron valence configuration;

• Electron-hole symmetry;

• Forbidden transitions;

• ....



Instability

More than 700 HCI clock transitions 

in 24 isolelectronic sequences, in more than 70 elements
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C. Lyu, et. al, arXiv:2504.11237 (2025)

Currently 

20+ clocks 

Transition energies, 

lifetimes, and 

transition matrix 

elements are 

calculated with the 

GRASP2018 code.
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Periodic table for HCI

C. Lyu, et. al, 

arXiv:2504.11237 (2025)

• Split 𝑙 into 𝑙− and 𝑙+;

• 𝑑− and 𝑝+, 𝑓− and 𝑑+ are lined together;

• Closed-shell configuration;

• Single electron/hole valence configuration;

• Multiple electron valence configuration;

• Electron-hole symmetry;

• Forbidden transitions;

• ....
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Theoretical predictions: 

many XUV clock

transitions in HCIs

Multiconfiguration Dirac-Hatree-Fock calculations with the GRASP2018 codes

C. Lyu, et. al, Commun. Phys. 8, 3 (2025)
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Theoretical predictions: 

many XUV clock

transitions in HCIs

Multiconfiguration Dirac-Hatree-Fock calculations with the GRASP2018 codes

K. Kromer, C. Lyu, et. al, PRL.131.223002(2023)

Pb41+
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Two different scaling law in Ne-like ions

2𝑝−

2𝑝+

3𝑑+
3𝑑−

2𝑝−

2𝑝+

3𝑑+
3𝑑−

3D 3C

M. Tagawa, C. Lyu, et. al, under review
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Two different scaling law in Ne-like ions

M. Tagawa, C. Lyu, et. al, under review

3D
3C

Kr26+: first excitation 

Spectrum calculated with 
the GRASP2018 codes
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Two different scaling law in Ne-like ions

M. Tagawa, C. Lyu, et. al, under review

3D
3C

3D’
3C’

Kr26+: first excitation 

Kr26+: second excitation 

Spectrum calculated with 
the GRASP2018 codes
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M. Tagawa, C. Lyu, et. al, under review

3D
3C

3D’
3C’

Kr26+: first excitation 

Kr26+: second excitation 

Single resonance two ionization

Double resonance two ionization

Kr26+ Kr27+

Kr26+ Kr26+ Kr27+

Different nonlinear ionization channels
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Experiment at European XFEL Facility
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Efficient two-photon ionizations

M. Tagawa, C. Lyu, et. al, under review

Single resonance

Double resonance 

Kr26+ Kr27+

Kr26+ Kr26+ Kr27+
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Summary
The new periodic table enables novel

applications of highly charged ions:

• clocks,

• mass spectrometry,

• x-ray optics, plasma physics

• ….

Outlook

• Looking for more applications.

Thank you for your attention!

GRASP code developers

All experimentalist: 

K. Kromer, M. Tagawa, …. 
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