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Enhanced understanding of the actinide atomic structure M4 - M48
PG = JGU UGOT (experimental) - FSU,RUG(theory)
WP leader bold

Description of Acxtivities

Task 1 - JGU: RIS on atoms ESR 5 Magda

Identification of RIS schemes for actinides, redetermination of ionization potentials, investigation of HFS and IS

Task 2 - UGOT: Studies on Negative lons ESR 6 Miranda

Installation of the GANDALPH detector at CRIS/CERN-ISOLDE. Collinear laser photodetachment spectroscopy on negative actinide ions

Task 3 - FSU: Theory ESR 13 Joseph since 12/21

Development of dedicated atomic structure codes and calculations for actinide elements

Task 4 — RUG : Theory ESR 14 Raphael

Relativistic coupled cluster (CC) & configuration interaction (Cl) atomic calculations of properties of heavy & superheavy
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lisA  The EXtra: isotope shifts in High Resolution Spectroscopy |
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IP values & open subshells of the Elements h“%WAm

One open valence shell

only for alkaline elements

*

Two open shells

alkaline earths, noble gases _
& main group elements
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Three open shells

transition group elements
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lanthanide & actinides ©
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JisA' Complex Atoms: Ground States & Level Schemes of Lanthanides gt

ser lonization & Spectroscopy of the Actinides
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liSA More Complex Atoms : Ground States & Levels of Actinides

Laser lonization & Spectroscopy of the Actinides
hitps:ilisa-itn.web.cern.chl

sonannes GUTEN BERG
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Free actinide atoms do
NOT
fill the 5f" shell sequentially

-1 to 2 6d electrons mixed in

(for 6 out of 15)
(all the lighter ones & half-filled f shell)

9

Ground and excited levels

not clearly assignable
(only total angular momentum J)

strong configurations mixing
- quantum chaos

Orange levels newly studied
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lisA Off-line and on-line accessible Isotopes in the Actinides

Laser lonization & Spectroscopy o the Actindes
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Triple-resonance autoionization of uranium optimized for diode laser excitation
B. A. Bushaw, S. Raeder, S. L. Ziegler, K. W. Spectrochim. Acta B 62, 485-491(2007) * Isotopes accessible

on-line at GSI
M. Block, M. Laatiaoui., S. Raeder
Prog. Part. Nucl. Phys 116 (2021)
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sonannes GUTEN BERG

e RISIKO — RILIS development tool & off-line RIB facility gz ssa

httpsillisa-itn.web.cern.ch/

Laser Beams

Einzellens O pti mum

Quadrupole Lens

Einzellens

‘ Aperture development

+ MMC

,' tool for on-line

Tonization Cavity

| 30 kV Extraction

Dipole Magnet | _
| Separator Slit |

Deflectors XY Deflector

laser ion sources
and RIMS analytics

Sample Reservoir

. Detection/

Implantation
30 4
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ser lonization & Spectroscopy of the Actinides

Custom-built Ti:sa laser cavities for pulsed high repetition rate operation
R. Horn, PhD. JGU 2003 o Standard

)

Three different designs - tailored for

* High power (standard laser) —> efficiency

oC

« Fast continuous wide-range scanning (via grating) - quasi-simultaneous
multi element analysis

« Narrowband operation (injection-locked laser) —> high resolution

« Resonator internal SHG for blue and single pass THG or FHG for UV

Standard Grating-tuned Injection-locked
Repetition rate 7 to 15kHz
Pulse width 40 to 60ns
( — B gy, ‘
Average Power - .S_V\-/; _ ) 1to2W 3to5W o
Output range 700 to 1020 50t P Ae £ 10nm* + Injection locked
N _
Tuning range 100 GHz "‘300 nin_ » 10 0 ta.20 QHZ ofJGU Malnz Tizsa o
lasers worldwide  |[aor | ricy ee
Spectral bandwidth 1t010GHz  1to 3GHz 4 22 M_EIZ / il
Beam quahty (M2) < 13 ,,,,,, “::;m ||1r|hs'|-50 TORMS | TRGALE |

Characterization of a pulsed injection-locked Ti:sapphire laser and its application to HR RIMS of copper
V. Sonnenschein, |.D. Moore, S. Raeder, M. Reponen, H. Tomita, K. W. Laser Physics 27, 085701 (2017)
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Multielement RIMS on Actinides
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https:/llisa-itn.web.cern.chl
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240

250

255

» Rapid access to each individual
element taken from isoelectronic REEs

F. Weber, MSc JGU al., in preparation

105-E
104_5

1033

Counting rate ins™!

102-E

101-

155

Mass in u

- Fast full sample characterization

- Isobar-free, low-background isotope
ratio determination

—> Laser spectroscopy in mixed sample

- Ultratrace analysis
& fundamentals studies

Exclusive sample obtained from ORNL (J. Etzold)
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S. Kéhler et al., Spectrochim. Acta B52, 717-726 (1997)
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Regular trend of 5f"6d 7s2 = 5f"6d 7s ionization above - - - unpronounced behaviour below half-filled 5f shell

Knowledge on the IP’s of the Actinides today

LISA Science Days, 17.06.2022

Number of 5f electrons
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lisSA  Low and high resolution spectroscopy in gsCurium
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... . Cm 243 | Cm 244 | Cm 245 | Cm 246 | Cm 247 | Cm 248 | Cm 249
Auto-ionizing states & Rydberg analysis
291 a 18.10 a 8500 a 4730 a | 1.56107 a] 3.4010° 64.15 m
0.5.785; 5.74%. | « 5.805; 5.762; o 5.361; « 5.386;5.343.. | «4.870; « 5.078;5.03508.4 B
e; sf; g; 7; ez sf; v (43...); & 5.304..;sf;g;9 | sf;g;v; e 5.267..;v; 9 sf (8.3%); v; e v 643... e
» Characterization of first excitation states (FES)
» ldentification of 3 different ionization schemes ]
e 48 366.28 cm"
> IP determination by Rydberg analysis 48 338.11 cm'* "
393 nm 433 nm

» Verification by field ionization

» High resolution spectroscopy on HFS & IS

PhD Thesis of Nina Kneip & to be published

LISA Science Days, 17.06.2022

IP: 48 324 cm!

23 083.19 cm’!

5f76d7s7p °Ds
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1433 nm
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Rydberg states Auto-ionizing states

24 747.71 cm

5f/6d7s7p "D,
5f6d7s °D,
404 nm

395 nm

5f76d7s2 °D,°
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FES, = 5f'6d7s7p D,

o IMMII“n

FES, = 5{86d7s °D, |
spectrum B L

Counts/s

- FES, = 56d7s7p °D,
- specirum A

i, ) | T, .|.IL.Hlmimi l
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Wavenumber (cm™)

Investigation of the Rydberg spectrum A, B and C
 Spectral scan range 400 cm™’

« High state density below the ionization potential showing systematic structures

LISA Science Days, 17.06.2022 Klaus Wendt, University of Mainz 16
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liISA  Rydberg analysis for IP determination |

Laser lonization & Spectroscopy o the Actindes
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liSA' Precision of IP Determination: Rydberg Convergences in Na s eas

Laser lonization & Spectroscopy o the Actindes

httpsillisa-itnweb.cern.c
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"%‘\ lonization potential of Curium via field ionization w Ll

W : saddle point

> Assignment of states not required - B9 Zoge3 F Zet'* effective charge
» Perfectly suited for IP extraction of complex atoms (actinides) y P 4deq Ve :Coulomb potential
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[1] N. Kneip et al., in preparation (2022). Overview of measured ionization thresholds [1]
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|'SA High-resolution measurements of isotope shift SRR S
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Profiles and isotope shifts of the 23083 cm! and 24747 cm' FES
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MHSA]||. High-resolution of HFS in 245Cm and 247Cm s
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Cmisotope A’ (MHz) A* (MHz) Bl (MHz) B* (MHz)

245 2072014 31L56(15)  1420(2)  -1862.44(91) A and B factor from hyperfine structure fit

247 15.31(93) —170.88(24) 1618(14)  —2168(14)
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LSA Conclusion and Outlook e

Laser spectroscopy along the series of actinides and beyond

—> lot of work has been done and still S =

[¥ ze/nbNo T<[Ru RA[Pd A0 D
e

Co NI CulZn GalGe Axl5e Br K [RY St

- it’s a big challenges for state-of-the-art atomic (and nuclear physics)

Atomic spectroscopic data of high relevance,

- i.e. the nuclear clock, nuclear medicine or ultra trace analysis

Access ensured for specific isotopes & isotopic sequences from Ac to Fm
— on-line more isotopes and even further

Theory support mandatory for analysis of atomic (and nuclear) structures® b/
- fruitful exchange just at the start.... M. -

Thanks to the funding agencies: BMBF 05P18UMCIA, EU ITN LISA,
to all members of the teams and to you for your attention...
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