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Stellar nucleosynthesis and superheavy elements 
in our Universe and in the lab!
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Superheavy elements in our Universe and in the lab!

o Introduction – SHE definitions

o Physics motivations – the Universe?
• Stellar nucleosynthesis 
• r-process and SHE

o Reaction mechanisms
• Fusion-evaporation 
• MNT reactions

o My PhD work – the lab!
• MNT experiment at Argonne
• Development of SIRIUS
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Superheavy elements in our Universe and in the lab!

o Introduction – SHE definitions

o Physics motivations – the Universe?
• Stellar nucleosynthesis 
• r-process and SHE

o Reaction mechanisms
• Fusion-evaporation 
• MNT reactions

o My PhD work – the lab!
• MNT experiment at Argonne
• Development of SIRIUS
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Dmitri Mendeleïev
(1834–1907)
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Periodic table of the elements
Heaviest stable element: Pb (Z=82)
Heaviest element found in nature: U (Z=92)

1 square = 1 element = Z protons
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Super Heavy Elements (SHE)

Iouri Oganessian
(1933–)

Transactinides: Z ≥ 104 (protons)

Discovered in 2012
Named in 2016



The chart of nuclides – the Sagrè chart  
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Superheavy nuclei
(Island of stability?)

208Pb (Z=82, N=126)

132Sn (Z=50, N=82)

78Ni (Z=28, N=50)
48Ca (Z=20, N=28)

(Z=118, N=176)

1 square = 1 isotope = (Z protons, N neutrons)

« Magic » numbers of 
neutrons and protons: 

2, 8, 20, 28, 50, 82, 126, (?)



Half-lives of the isotopes 
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Superheavy nuclei 
294Og: t1/2 = 0,89 +1,07−0,31 ms

(Z=118, N=176)

• All SHE are radioactive 
(their production rates ↘ with number of protons Z ↗)

• An Island of Stability
where the nuclei have relatively long half-lives (> 1 year)
predicted at N = 182, Z = 114 or 120 or 126.

Half-life: rate at which a radioactive isotope decays (t1/2)
Interval of time required for one-half of the atomic nuclei of a radioactive sample to decay.
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Island of stability (spherical SHE nuclei)? 

Height ↗
Stability ↗

8

8

Superheavy nuclei
(t1/2 > 1 year?) 
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Island of stability (spherical SHE nuclei)? 

Height ↗
Stability ↗

8

8

Superheavy nuclei
(t1/2 > 1 year?) 

What are the limits of the nuclear chart?

What is the next magic shell number?

How to synthesize Super Heavy Elements (SHE)?

Do SHE exist in nature/in the Universe? 
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Superheavy elements in our Universe and in the lab!

o Introduction – SHE definitions

o Physics motivations – the Universe?
• Stellar nucleosynthesis 
• r-process and SHE

o Reaction mechanisms
• Fusion-evaporation 
• MNT reactions

o My PhD work – the lab!
• MNT experiment at Argonne
• Development of SIRIUS
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Stellar life cycle (stellar evolution)



Earth
(12 000 km)

Sun
(1 392 684 km)

Supernovae
(size a few solar masses)

Somewhere else? 
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Where are the SHE? – Astrophysical sites

Not to scale



Earth

Stars

Supernovae
(size a few solar masses)

Somewhere else? 
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Where are the SHE? – Astrophysical sites
Heaviest element found: 
U (Z=92)

Somewhere else? 
Not to scale

Stellar Iron core and 
onion like structure

Core-colapse
Exploding stars

r-process?



Mergers of 2 neutron stars (NS-NS) 
or Merger of a neutron star (NS) and a black hole (BH)
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Where are the SHE? – Astrophysical sites

Not to scale

Somewhere else? 

The observation of GRB170807A/GW170817 
originating from a neutron star merger has 
been published on October 16, 2017 and is a 
first proof of the nucleosynthesis of heavy

elements in the r-process.



Cosmological origin of each element – missing SHE! 
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Cosmological origin of each element – missing SHE! 

16Zoé Favier – CEA Saclay/Irfu Rencontre des Jeunes Physicien.e.s (RJP) – online – Mar. 16, 2021

Remains an open question: 
Do SHE have been formed in the Universe?

We need insights into the nuclear properties of
the heaviest elements.

How these properties evolve when one moves toward to the 
neutron-rich side on the nuclear chart?
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Superheavy elements in our Universe and in the lab!

o Introduction – SHE definitions

o Physics motivations – the Universe?
• Stellar nucleosynthesis 
• r-process and SHE

o Reaction mechanisms
• Fusion-evaporation 
• MNT reactions

o My PhD work – the lab!
• MNT experiment at Argonne
• Development of SIRIUS
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Reaction mechanisms to produce SHE

1)Fusion-evaporation

2)MultiNucleon Transfer
(MNT)

1)

2) 
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Discovery of Oganesson at JINR (Dubna!)

Beam
249Cf 

Target 
48Ca 

💥 SHE
294Og

🗑 Small cross-section 
(probability of production)

Only 3 nuclei produced during several months of experiment.

Iouri Oganessian
(1933–)

1) Fusion-evaporation
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Reaction mechanisms to produce SHE

2)
1)

(Beam)

1)Fusion-evaporation
2)MultiNucleon Transfer (MNT)

SHE

SHE

+ n 

Exhange
n, p



Reaction mechanisms towards the SHE!

21Zoé Favier – CEA Saclay/Irfu Rencontre des Jeunes Physicien.e.s (RJP) – online – Mar. 16, 2021

Superheavy nuclei
(More neutron-rich
island of stability?)

(Z=118, N=176)

MultiNucleon Transfer (MNT) reactions
- Heavy and superheavy nuclei?
- More neutron-rich nuclei
- Higher production cross-section? 
- Not limited to beam-target combination

Limits of the fusion-evaporation method
- Superheavy nuclei up to Z=118
- GSI, Dubna, RIKEN: Z = 119 or 120? 
- Very low cross-sections
- Limited due to beam-target combination 

New detectors -> S3/SIRIUS

New reaction mechanisms -> MNT

1)

2) 
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Superheavy elements in our Universe and in the lab!

o Introduction – SHE definitions

o Physics motivations – the Universe?
• Stellar nucleosynthesis 
• r-process and SHE

o Reaction mechanisms
• Fusion-evaporation 
• MNT reactions

o My PhD work – the lab!
• MNT experiment at Argonne
• Development of the SIRIUS detector
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Worldwide facilities – international collaborations
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Multinucleon transfer reactions (MNT) at Argonne
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Proposed 
the experiment 

Carried out the 
experiment in Nov 2019 

Analyse
the data

Accepted at PAC2019



Multinucleon transfer reactions (MNT) at Argonne
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- Proof-of-principle experiment to study neutron-rich heavy nuclei using MNT 
reactions
- 1st MNT reaction using AGFA @ANL to produce heavy nuclei 
- Beam: 136Xe @605, 705 and 809MeV 
- Target: 238U (UF4 300µg/cm2 + C 40µg/cm2)
- Innovative solutions to increase AGFA helium pressure 

up to 3Torr (Ti window after the target chamber)

Qv

Dm

136Xe beam 
from ATLAS 238U 

target

MNT 
products

Scattered 
beam

Focal plane

DSSD

Si Tunnels
PPAC

Gammasphere

Focal plane

Target wheel

Target chamber

AGFA gas-filled recoil separator

Qv Dm

Xarray

CloverE
CloverA

CloverC

CloverD

𝛾, Xrays

𝛾
𝛽

fast isomers
recoils 

Target-like products identification
(coincidences) 

Data Analysis is on going
XArray



Identification of neutron-rich nuclei (recoils)
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Preliminary Preliminary
With TOF conditions



Identification of neutron-rich nuclei (recoils)
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Preliminary Preliminary
With TOF conditions



PRODUCTIO
N

ACCELERATOR
NFS

S3

DESIR

EXIST
IN

G GANIL

Very high intensity beams (LINAG) 
- Deuterons and stable heavy beams
- Ebeam= up to 14.5 MeV/u
- Intensity 1014 ion/s 

beyond 1pµA (≥ 1013pps)

S3: Exceptional transmission/selection combination
- High rejection > 1013

- High transmission 50% 
- Mass resolution > 1/350

A cutting-edge instrumentation for S3
(SIRIUS, LEB, FISIC…)

S3 in the SPIRAL2 project at GANIL
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SP
IRAL2 Caen, France



SIRIUS detectors 
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Decay station
SIRIUS
Delayed spectroscopy
Isomeric/decay 
spectroscopy at the mass 
dispersive focal plane 
(𝛼, e-, fission, 𝛾)



MNT reactions and new detectors
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Decay station
SIRIUS
Delayed spectroscopy
Isomeric/decay 
spectroscopy at the mass 
dispersive focal plane 
(𝛼, e-, fission, 𝛾)

We need insights into the nuclear properties of
the heaviest elements.

How these properties evolve when one moves towards the neutron-rich side 
on the nuclear chart?

MultiNucleon Transfer (MNT) reactions seems the new path for SHE!
More neutron-rich nuclei.

It offers new possibilities as it is not limited to beam-target combinations.

New detectors for the production and spectroscopy of SHE.  
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Superheavy elements in our Universe and in the lab!
Conclusion – SHE Z ≥ 104 (protons): new elements!

• Spherical and “stable” (t1/2 > 1 year)? 
• Island of stability seems to be more neutron-rich.
• International race for the SHE! Limits of existence of the matter.

In the Universe
• Stellar nucleosynthesis 
• r-process up to U/Th? 
• NS-NS and NS-BH mergers 

Reaction mechanisms
• Fusion-evaporation is limited
• MNT reactions are very promising!
• Small cross-sections/ few SH nuclei

My PhD work – the lab!
• MNT experiment at Argonne
• Development of SIRIUS soon at GANIL Gam
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Superheavy elements in our Universe and in the lab!

Thanks 

for your attention  
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Superheavy elements in our Universe and in the lab!

Backup slides
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The Shell Model

Shell model developed 
by Maria Goeppert Mayer 
at Argonne National Laboratory

with P. Wigner 
and J. Hans D. Jensen 

Nobel Physics Prize in 1963.

Maria Goeppert Mayer
(1906-1972)
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Shapes of the nuclei

The nuclei are rarely spherical (magic numbers). On the contrary, they are deformed.
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Shapes of the nuclei – main multipoles

• 𝝀 = 1 describes the displacement of the centre of mass 
and therefore cannot give rise to intrinsic excitation of the nucleus – ignore !

• 𝝀 = 2 is the most important term and describes quadrupole deformation
• 𝝀 = 3 describes octupole shapes which can look like pears (m = 0), bananas (m = 1) 

and peanuts (m =2,3) 
• 𝝀 = 4 describes hexadecapole shapes
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Quadrupole deformation
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Stellar life cycle (detailed)


