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Properties of the Heaviest Elements

Laser spectroscopy for fundamental properties
» Understanding of atomic structure & chemical behaviour
* Nuclear structure: what is their shape and size ?
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Optical Investigation of Heavy Elements

Laser spectroscopy for fundamental properties
« Understanding of atomic structure & chemical behaviour :
* Nuclear structure: what is their shape and size ?
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Optical Investigation of Heavy Elements

Laser spectroscopy for fundamental properties

Understanding of atomic structure & chemical behaviour
Nuclear structure: what is their shape and size ?

Atomic information for heavy elements is sparse !! Cf(Ll
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P. Campbell, I.D. Moore, M.R. Pearson, Progress in Particle and Nuclear Physics 86 (2016).
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Motivation - Atomic Structure
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1, 2 (MCDF): S.Fritzsche,
Eur. Phys. J. D 33 (2005) 15

: A.Borschevsky et al.,
Phys. Rev. A 75 (2007) 042514

Za - 1: large QED contribution

& relativistic effects

in the electronic structure

4 (RCC): V.A.Dzubaetal.,

Phys. Rev. A 90 (2014) 012504
5 (MCDF): Y.Liu et al.,

Phys. Rev. A 76 (2007) 062503

Strong electron correlations

Determination of nuclear properties

6 (MCDF): P.Indelicato et al.,
Eur. Phys. J. D 45 (2007) 155

7 (extrapolation): J.Sugar,
J. Chem. Phys. 60 (1974) 4103
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Benchmark predictive power of atomic theory

lonization potential (IP) - chemical properties
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Motivation — Nuclear Properties
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Resonance lonization Spectroscopy

non-resonant auto-ionizing Rydberg
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« Resonant laser excitation — selective & efficient
 Efficient excitation schemes generally exist for every element
« Atomic spectra incomplete — non-resonant ionization unavoidable
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Production: Velocity Filter SHIP

Fusion Products

Electric Deflector

Beam Stop

Primary Beam

Optical Cell

Dipole Magnet

T

Isotope of Interest:
254No ( T,, = 55 s; 1=0)

208Pb(480a,2n)254N0
0=2050 nb
48Ca Quadrupole Lens
4.55 MeV/u - 15 s'@Target
1 puA Target Wheel
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Radiation Detected Resonance lonization Spectroscopy

RADRIS Method: crwance
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RADRIS advancements

Efficiency gain by factor > 2

Detector upgrade

- Direct detector collection Lﬁ/ Total efficiency:
15% for 2>4Noa'#"
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RADRIS advancements

Detector upgrade Efficiency gain by factor > 2

- Direct detector collection N Total efficiency:
C o 254 x
~1— 15% for 2°>4Nopaf+
* Movable detector ) TR

. ahalf-life dependend
‘ (Slg nal rate Of 0.6 S'1) " depends on kinematis
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¥ Element dependent

Limitation by lifetime
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Isotope Shift of 222-254No & HFS in 2°3:255No
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short lifetime & low production rate complicate the measurements

- Only possible with improved RADRIS setup
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Laser Spectroscopy of Lawrencium

Next step: going heavier — Lawrencium (Lr, Z=103) =57 FAIR

 Cross section known - production rate of 0.3 ions/s

 Search for 2 different states (predictions from theory)
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Level Search in Lawrencium (Z=103)

Preparation: Filament optimization & increased sensitivity with RADRIS upgrade 255 r F-\IR

t,, 31.1s

Extensive level search campaigns during beamtimes in 2020 and 2022

- Exclusion for > 600 cm! in each region with high confidence

Uncertainty of atomic predictions > 300 cm™’ (eV)
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On-line Laser Spectroscopy of Fm Isotopes

Fm (Z=100) - A new element for RADRIS FAIR
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« Collection and decay on the filament
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Production of Fm Isotopes

Direct production using Ar beam

208Pp(49Ar,2n) 24Fm

208ph(“°Ar,3n) 2°>Fm

245Fm 246Fm 47Fm 248 m '-er 0
tiy24.2s |t 1.54s 234.55

* Nobelium mother collected on filament

4 .._l! 56Fm57F
ty>3.2h (£, 20 h 12 100 d

208Pb(48CE,ZN)254N0 @ N 250Fm

e Wait for decay 207ppy(43Ca,2n)253No _ %, 2a0p

. . a
— Desorption of daughter nuclides ?%Pb(**Ca,2n)**’No —— ***Fm

+ +
2°3Pb(43Ca,2n)254N0 EC/B ?254Md eC/B, 254Fm
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Isotope shifts of Fm isotopes

245Fm
tip4.2s
295 — Cross sections as low as 13 nb or 4 particles/min
ty, 1.54 s
248Fm
ty2 3455
ﬁ HFS in even-odd isotope: too small for gas cell
but yields constraints on A, B parameters
250Fm
ty2 30 m HE)
254F P !@ :
tis 32 Customized, rotatable detector for 2*Fm (t,,, = 3 h) __ N
_ e
'.’l >>°Fm CcI{t::ion Detection
NEUTRONS o 20 ) ) ) position positions
| Offline measurements in hot cavity .
e [P2Fm HFS not resolved
@ciersy 2o @) [o 1000 F_\IR
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Change in Mean-Square Charge Radil

* |sotope shift 2 Change in the nuclear mean-square

charge radii
A-A" N1

] -

M
AA LYE

§(r2)yit = (wﬁ“ -

New: Fm

* Atomic parameters from theory:
S. Allehabi et al., J. Quant. Spec. Rad. Transfer 253, 107137 (2020).
* Comparison to DFT calculations (even-even isotopes,
B. Schitrumpf et al.)
S. Raeder et al., Phys. Rev. Lett. 120, 232503 (2016).
Courtesy . Raeder Additional calculations (MREDF, HFB, [Fayans]) performed

F_\IR in collaboration with B. Bally, M. Bender, S. Goriely, S.
Hilaire, W. Nazarewicz, S. Peru, P.G. Reinhard
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Summary

Laser spectroscopy on heavy elements is important for the understanding /‘:,;f‘s?fff —
. . . L . W4 FAR
of atomic/chemical character and for investigations of the nuclei ./ of J\
Tf’ﬁé’:i:f /{F S
« RADRIS: First optical transistion in a transfermium element \ = FAR fix /f f ﬂ |
- et W\}q‘r_:r:nqﬂ J v - % j\
v Differential mean square charge radii extracted (2°1-2°°No) ol e | o[ ‘“*}5"“*‘3
v" First on-line measurements of Fm isotopes flfié?L:f_:_:;_';—f— / Lﬁ A,, ) .{

T

v first laser spectroscopy on on-line produced Cf isotopes

» Level search in Lr going on

« JETRIS: laser spectroscopy with improved resolution
v" First gas jet laser spectroscopy of 254No ‘:LmTalk

Competitive laser spectroscopy program will continue
% RADRIS & gas jet beamtime running

. Gas jet: development for improved resolution s
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