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Superheavy Elements (SHE)

05.07.19

Discovered at GSI

• What is the heaviest element that can exist?
• What are SHE‘s atomic, chemical and nuclear properties?



Superheavy Element Research – Status
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Superheavy Elements: Main Topics at GSI
• Production of “single-atom-only” elements with atomic 
number Z ³ 100:

nuclear reaction studies (element search on hold)

• Nuclear properties of heaviest elements

Decay spectroscopy

High-precision mass measurements

Laser spectroscopy (hyperfine structure)

• Atomic properties of heaviest elements

Laser spectroscopy of atomic levels

• Chemical properties

Chemical reactions, surface interactions

Comprehensive 
approach to the 
study of the 
heaviest elements



Methods:
Search for atomic 
levels

hyperfine 
spectroscopy

Measurement of isotopic 
shifts

Motivation:
relativistic and 
QED effects

Nuclear 
moments & spins

changes in mean 
square charge radii 

Laser Spectroscopy of the Heaviest Elements

Ø size

Ø deformation



stable/long-lived

measured

not published (07/15)

Venturing towards uncharted 
territory...

P. Campbell et al., 
Prog. Part. Nucl. Phys. 86 (2016) 127-180

K. Blaum et al., 
PST152, 014017 (2013)

Laser Spectroscopy - Current Status



High power in 2nd step (>30mJ/pulse)
for high efficiency

7s2 1S0

1P1

Non-resonant
2nd step

2nd step to
Rydberg state

sc
an

sc
an

Rydberg level searchAtomic level search

fix

fix

Two pulsed (dye) lasers,
temporal overlap important

Resonant Laser Ionization – Excitation Schemes



Radiation Detected Resonance Ionization Spectroscopy Method

100 mbar
argon

• separate from primary beam
• slow down and neutralize particles
• evaporate atoms
• ionize by laser light
• transport to detector
• register alpha decay

Fast 
projectile target fusion evaporation

SHE

M. Laatiaoui et al., Nature 538, 495 (2016)



Laser Spectroscopy of Nobelium Atoms

• First optical spectroscopy beyond 
Z=100 despite low yields on the 
atom-at-a-time scale

• Half-life range 2.4 s – 55 s
• Several atomic and nuclear properties
determined

M. Laatiaoui et al., Nature 538, 495 (2016)
S. Raeder et al., Phys. Rev. Lett. 120 (2018) 232503



Nobelium Ionization Potential from Rydberg Series

• About 35 atomic states 

observed

• Good agreement with atomic 

theory predictions

• Accurate value for 1P1 state

P. Chhetri et al., Phys. Rev. Lett. 120 (2018) 263003



Ionization Potential of Actinides and Transactinides

IP (eV)

Laser spectroscopy
At SHIP / GSI 6.62621(5)
Theory 
(Borschevsky et al., RCC)

6.632

Extrapolation (Sugar) 6.65(7)

T. Sato et al. JACS 2018, 140, 14609



Charge Radii in Actinides

Good agreement between
experimental data from 
laser spectroscopy and
theoretical calculations for 
differential charge radii
using density functional theory

J. Maruhn et al. Phys. Commun. 185 2195  (2014)
P.-G. Reinhard, W. Nazarewicz, Phys. Rev. C 95 064328 (2017)

Exp. Date for No: S. Raeder et al., Phys. Rev. Lett. 120 (2018) 232503



Deformation in Nobelium

• Theoretical calculations
using density functional 
theory predict:

• maximum deformation 
around N =152

• central 
depression in proton density 
already for nobelium

Calculations B. Schuetrumpf, W. Nazarewicz et al.



B. Schuetrumpf, W. Nazarewicz, and P.-G. Reinhard Phys. Rev. C 96, 024306

Central Depression in Nuclei

proton distribution

10% central depression



Hyperfine Structure in 253No

Prolate shape + best fit to the experiemental data:  

è 7/2 nuclear spin can be excluded

è A= 734(46) MHz; B= 2815(686) MHz
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• Directed movement of the atoms in the gas-jet,
perpendicular to laser beams

• High Mach-number for low pressures and low temperatures

à Reduction of the Doppler-effect results in smaller linewidths

Improving Spectral Resolution by Supersonic Gas-Jet

de Laval-nozzle

Laser beams perpendicular
to gas-jet

supersonic gas-jet



Higher Resolution – Laser Spectroscopy in Jet

R. Ferrer et al., Nature Communications 8, 14520 (2017)

• Resolution improves by more than factor 10
• Efficiency comparable to in-gas cell approach

Perform laser spectroscopy in gas jet formed in de Laval nozzle



New Setup Built – Online Commissioning 2019

S. Raeder,
S. Nothhelfer et al.

In close collaboration
with P. van Duppen‘s
group



Summary 

Thank you for your attention !

• Laser spectroscopy provides new opportunities to track the nuclear structure 
evolution in the heaviest nuclei getting access to their shape and size

• Differential charge radii and nuclear moments of 4 nobelium isotopes have 
been obtained from laser spectroscopy

• Experimental data are in good agreement with atomic theory calculations 
and nuclear EDF calculations that also predict central depression

• Technical and methodical developments for extension to heavier elements 
under way


