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Atomic levels of the actinides

Theory – calculated levels
Levels from recent experiments
Blaise, Wyart 1992 [2]

[1] M. Block, M. Laatiaoui, S. Raeder, Prog. Part. Nucl. Phys. 116, 103834 (2021)[2] J. Blaise, J. F. Wyart, Selected constants energy levels and atomic spectra of actinides, Paris 1992

[1]

• Actinide atoms exhibit extremely complex spectra
• Configuration interactions
• Relativistic corrections

• Theoretical predictions become increasinglychallenging
• Spectral data sparse due to limited availability or lowproduction rates
High-efficiency spectroscopic experiments required!
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Probing atomic and nuclear structure
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• Atomic level structure through optical transitions
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Atomic shellNucleus

Δ𝐸𝐹𝑆 ≈ 10−1…10−3 eV

𝐴 =  𝜇𝐼𝐻(0)
𝐼𝐽

𝐼, 𝜇𝐼

• Ionization limit through Rydberg convergences
• Nuclear spins and electromagnetic moments throughhyperfine interaction

• Relative charge radii through isotope shifts
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Probing atomic and nuclear structure
• Atomic level structure through optical transitions

𝐵 = 𝑒𝑄𝑠
𝜕2𝜙
𝜕𝑧2 𝑟=0

𝑄𝑠 < 0 𝑄𝑠 > 0

Atomic shellNucleus𝐴 =  𝜇𝐼𝐻(0)
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𝐼, 𝜇𝐼

• Ionization limit through Rydberg convergences
• Nuclear spins and electromagnetic moments throughhyperfine interaction

• Relative charge radii through isotope shifts
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Nuclear shell gap signatures

[1] I. Angeli, K.P. Marinova, Atomic Data and Nuclear Data Tabes 99, 69 (2013)[2] E. Minaya Ramirez et al., Science 337,1207 (2012)

[1]

Trends in nuclear charge radii→ Laser spectroscopy
Binding energies→Mass measurements

[2]

No

Lr
N N



TASCA Workshop 2025 6Dominik Studer

Fermium laser spectroscopy campaigns
2000Mainzoff-lineFm-255

2019Mainzoff-lineFm-257
2019GSIon-lineFm-248-250

2021Mainzoff-lineFm-255
2021GSIon-lineFm-245,246

2023Mainzoff-lineFm-255
2020GSIon-lineFm-249,254

202xGSIon-lineFm-252

N=152
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Results of the Fm campaign in 2000
Atomic spectroscopy of 255Fm [1,2]
• Evaporation from hot filament
• Spectroscopy in 35 mbar Ar gas
• 200 Hz rep. rate dye laser system

Ionization energy with largeuncertainty [3]

[1] M. Sewtz et al., Phys. Rev. Lett. 90, 163002 (2003)[2] H. Backe et al., Hyperfine Interact. 162, 3 (2006)[3] T. K. Sato et al., J. Am. Chem. Soc. 140, 14609 (2018)

7 known atomic levels in Fm [1,2]
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Production of heavy actinides for off-line studies

ORNL  FSU
FSU  Mainz

Laser spectroscopy at RISIKO253-255Es257Fm

Start of chemical separation intofractions of individual elements at ORNL
244-248Cm-targets irradiated in the High Flux IsotopeReactor at Oak Ridge National Laboratory (ORNL)

The isotopes used in this research were supplied by the U.S. Department of Energy, Office of Science, by the Isotope Program in the Office of Nuclear Physics. The 253,254,255Esand 255,257Fm were provided to Florida State University and the University of Mainz via the Isotope Development and Production for Research and Applications Programthrough the Radiochemical Engineering and Development Center at Oak Ridge National Laboratory.

High Flux Isotope Reactor (HFIR) at ORNL
High Flux Reactor at ILL

ΣCm~ 6g



TASCA Workshop 2025 9Dominik Studer

255Es/255Fm generator system

• Generator was based on a α-HIB actinide separation by cation exchange on Mitsubishi CK10Y resin
• Milking of the generator was performed at 70 °C using a 0.14 M α-HIB solution (pH 4.8)
• Fraction of the Es was present on purpose
• Total of four 255Fm samples, followed by two Es/Cf samples

Separation column

1) Production of Es-255 by neutron irradiation of the “long-lived” Es-254 at ILL
2) Es-255 decays with 92% by 𝛽− to Fm-255
3) Upon approaching equilibrium (few days) the Fm is extracted with an ion exchange column

Alpha spectrum of an aliquot

Courtesy of S. Berndt
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RISIKO setup at Mainz

Ions

Heatingcurrent

Lasers

Sample• Chemical sample preparation

Ion
rate

Laser frequency

𝑚1

𝑚2

Atomic ground state

Excited state

Auto-ionizing state
Ionization potential

𝜆1

𝜆2
Hot atomization cavity

30 kV ion source region

Beam extraction & shaping Magneticmass separation
Lasers

Ion detection

Isotope of interest
Isobaric contaminants
Isotopic contaminants

• Multi-step photoionization by pulsed lasers
• Mass separation in dipole magnet 𝑚

Δ𝑚
≈ 800

• Sample evaporation in hot cavity

• Single ion detection
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Fermium ionization schemes

No. Wavenumber(cm-1) Aki(Hz)
R1 25 099.8 (2) 3.4(8) x106

R2 25 111.8 (2) 3.54(7) x106

R3 27 389 (1.5)
R4 27 466 (1.5) ≥ 2.9 x106
R5 28 185 (1.5)
R6 28 377 (1.5)
R7 28 391 (1.5) ≥ 1.1 x107

M. Sewtz et al., Phys. Rev. Lett. 90, 163002 (2003)H. Backe et al., Hyperfine Interact. 162, 3 (2006)

IP

28186 cm-1

0 cm-1

< 825 nmRISIKO 1+RISKO 2
354.8 nmMABU 1

R5

Observed(cm-1) AI State(cm-1) 𝛕(ns) Hyperfine A,B(MHz) Ryd.
25 099.8 52101.4 440(20) A = -310(10)B = -12800(100)
25 111.8 52 071.6 460(20) A = -10(10)B = -13500(100)

28 186.9 52 164.4 < 50
28 379.8 52 481.0 < 50
28 389.8 < 50

352 - 398 nm

365 - 415 nm

preliminary

2019, 2021, 2023 off-line measurements

( )
( )
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Rydberg convergences in fermium
• Ionization potentials from literature have large uncertainties

– Interpolation of actinide IPs: IP = 52400(600) cm-1 [1]
– Surface ionization: IP = 52600(1000) cm-1 [2]

• Convergence limit of Rydberg series is precise, but configuration unclear
– Collaboration with atomic theory (MCDHF, J. Andrews) to calculate first excited state in Fm II

IP

28186 cm-1

0 cm-1

403 - 427 nm

354.8 nm
28377 cm-1 R6R5

352.4 nm
preliminary

[1] J. Sugar et al., J. Chem. Phys. 60, 4103 (1974)[2] T. K. Sato et al., J. Am. Chem. Soc. 140, 14609 (2018)



TASCA Workshop 2025 13Dominik Studer

The PI-LIST ion source
Hot atomization cavity

30 kV ion source region

Beam extraction & shaping Magneticmass separation

Ion detection

Isotope of interest
Isobaric contaminants
Isotopic contaminants

Standard Laser Ion Source
• No selectivity against surface ions
• Spectral Doppler broadening from thermalvelocity distribution (few GHz)
• High efficiency in the order of 10%
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The PI-LIST ion source
Hot atomization cavity

30 kV ion source region

Beam extraction & shaping Magneticmass separation

Ion detection

Isotope of interest
Isobaric contaminants
Isotopic contaminants

Standard Laser Ion Source
• No selectivity against surface ions
• Spectral Doppler broadening from thermalvelocity distribution (few GHz)
• High efficiency in the order of 10%

LIST structure

RF quadrupole
𝑒−/Ion repeller electrode

Perpendicularly Illuminated Laser Ion Source & Trap (PI-LIST)
• Suppression of surface ions, electrons
• Reduced Doppler broadening (<100 MHz)
• Loss factor 102 to 104 compared to Standard LIS

R. Heinke et al., Hyperfine Interact. 238, 6 (2017)
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Nuclear moments of Fm-255

[1] H. Backe et al., Hyperfine Interact. 162, 3 (2006)[2] S. O. Allehabi et al., JQSRT 253, 107137 (2020)

A (MHz) B (MHz) Method
-320 -22000 Experiment, Backe et al. 2000 [1]
-150 -10450 Experiment, this work
206/µN -1782/Q MCDHF, Beerwerth et al. 2019
187/µN -1750/Q CIPT, Allehabi et al. 2020 [2]
194/µN -1789/Q MCDHF, Andrews et al. 2025

R1

R2
Nuclear momentsNuclear theory & Experiment + atomic theory
µ (µN) Q (eb) Method
-0.77 +5.84 Exp. + MCDHF (this work)
-0.77 +5.78 HFB, Hilaire et al. 2025
-1.0 +6.2 DFT, Bally et al. 2025

Hyperfine coupling constants (ground state)Experiment & atomic theory
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Californium spectroscopy

I

II

F. Weber et al., Phys. Rev. C 107, 034313 (2023)

Isotope No. of atoms Method
Cf-252 8.9(7)e12 Alpha
Cf-253 5.4(5)e9 RIMS; Ref. 252
Cf-254 <4(2)e7 RIMS; Ref. 252

2023 data

2023 data



On-line laser spectroscopy at GSI



TASCA Workshop 2025 18Dominik Studer

48Ca4.55 MeV/u1 pµA

UNILAC

On-line production of Fm: Velocity Filter SHIP

FastProjectile Target Fusion Evaporation

40Ar 208Pb 248*Fm 245,246Fm1001008220

SHIP target wheel
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Radiation Detected Resonance Ionization Spectroscopy

95 mbarArgon
+

+

RADRIS Method:
1) Thermalizing of incoming fusion products in Ar gas
2) Collecting ions onto thin hafnium filament
3) Evaporation
4) Two-step photoionization process with high power100 Hz laser system
5) Transport to detector and detection of alpha decay

H. Backe et al., Eur. Phys. J. D 45, 99 (2007)F. Lautenschläger et al., NIMB 383, 115 (2016)J. Warbinek et al., Atoms 10, 41 (2022)
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On-line production of fermium isotopes

ORNL  FSU
FSU  Mainz

Laser spectroscopy at RISIKO253-255Es257Fm

Start of chemical separation intofractions of individual elements at ORNL
244-248Cm-targets irradiated in the High Flux IsotopeReactor at Oak Ridge National Laboratory (ORNL)

GSI UNILAC linear accelerator

208Pb(48Ca,2n)254No      𝛼      250Fm
207Pb(48Ca,2n)253No        𝛼        249Fm
206Pb(48Ca,2n)252No      𝛼      248Fm
208Pb(48Ca,2n)254No 𝑒𝑐/𝛽+254Md 𝑒𝑐/𝛽+ 254Fm

208Pb(40Ar,2n) 246Fm
208Pb(40Ar,3n) 245Fm

Reactor production path

direct production indirect production
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Relative charge radii across N=152

The isotopes used in this research were supplied by the U.S. Department of Energy, Office of Science, by the Isotope Program in the Office of Nuclear Physics. The 253,254,255Esand 255,257Fm were provided to Florida State University and the University of Mainz via the Isotope Development and Production for Research and Applications Programthrough the Radiochemical Engineering and Development Center at Oak Ridge National Laboratory.

255,257Fmstudied off-line at RISIKO

245,246,248-250,254Fmstudied on-line at SHIP

𝛿 𝑟2 𝐴,𝐴
′
= Δ𝜈𝐴,𝐴′−𝐴

′−𝐴
𝐴′𝐴

𝑀 1
𝐹Experiment Theory

J. Warbinek, E. Rickert et al., Nature 634, 1075 (2024)
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Limitations of the RADRIS method
1) Spectral resolution due to Doppler and pressurebroadening

Ø Limited precision in isotope shift measurements
Ø No determination of nuclear spins/moments

2) Measurement of long-half-life-isotopes (>hours)with alpha-detection requires long cycles(and is limited to alpha-emitters)
3) Desorption of some elements from hot filament ischallenging (e.g. Lr)

[1] S. Raeder et al., PRL 120, 232503 (2020)

3 peaks

[1]
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Working principle of JetRIS
1) Thermalization of the recoil ions from SHIP
2) Ion transport to the filament
3) Neutralization
4) Formation of a gas jet
5) 10 kHz RIS in the gas jet
6) Transport and detection

J. Lantis et. al., Phys. Rev. Res. 6, 023318 (2024)

254No

Buncher

MR-ToF

Detector
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RADRIS 8-detector upgrade
• Measurement of long-lived species withRADRIS

• 254Fm (T1/2=3h) was measured with3-fold detector

• 252Fm (T1/2=20h) to be measured withupgraded 8-fold detector design
+

+
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SHIP Beam Time 2025 and future plans
• JetRIS

– Hyperfine structure of 252m,253,255No—> nuclear spins, EM moments
• RADRIS

– Md level search(theory prediction:5 levels between 25500 and 28500 cm-1)
– 240,242,244,246Cf
– 252Fm (N=152)
– 256No

240,242,244,246Cf

256No
254Md
252Fm

252m,253No 255No
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Hyperfine structure of No-254 and No-254m
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Hyperfine structure of No-254 and No-254m
G.S.
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Summary
• Measurements of reactor-produced samples on the picogram to femtogramlevel are feasible!
• Laser spectroscopy of Fm

– Confirmed previously reported ground-state transitions
– Hyperfine structures using the PI-LIST technique
– Rydberg convergences for IP determination
– Isotope shifts of 8 Fm isotopes across the N=152 shell gap

• The N=152 shell gap is not apparent in nuclear charge radii, confirming thecollective nature of the strongly deformed heavy actinides
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Thank you for your attention


