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How were elements Fe to U made?

How did the basic building blocks of the universe originate?

How expansive is the material world?

Where are the boundaries?

How do we determine the limits



Fusion Reactions in Stars

• First stars: fusion for mid-mass elements

• Late stars: post-red-giant  stellar evolution, carbon and 
oxygen burning
• Ignition of type Ia supernovae
• Ignition of superbursts



The first supernova

The first supernovae explode, ejecting carbon, 
nitrogen, oxygen, magnesium, silicon, and 
iron as seed for the next star generation. 
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Dissociation of elements at high temperature and 
density conditions?

Death of stars



Are there more elements?





From 48Ca induced reactions

Z=174

Z=120
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Oganessian, Eur. Journal of Physics A, 60:227 (2024)

Light charged particles and neutrons

Cold fusion reactions

48Ca induced reactions



E. M. Holmbeck, European Physical Journal A, 59:28 (2023)

Nuclear Physics Question: 
Fission



Were Superheavies
made in the r-process?



r-process
Origin of more than 50% of all the elements beyond iron

Site of r-process is still one of open challenges in all of physics today

Cowan et al. 2011

Temperature, density as a function of time,  initial compositions, neutrons

Explosive





where is the site of the r-process?
Merging neutron stars versus core collapse supernovae, 
gravitational wave detection identified neutron star mergers as a 
source of the very heavy elements!



Abundances from other neutron induced 
nucleosynthesis processes

The s-process in comparison to the r-
process. The scaling depends on the 
strength of the s-process neutron source

The i-process in CEMP stars, again the 
scale depends on the strength of neutron 
source



2004 Observation: R-process evidence
in delayed MeV emission from
SGR 1806-20 magnetar giant flare



Snapshots of Simulations
Input is limited to what we know 



GW170817 + 70 Electromagnetic transients



Lu visible signatures go into the IR
James Webb Does the r-process make the actinides?

Fission



70 Electromagnetic Transients

LIGO, VIRGO, GAGRA began new observation run on May 24, 2023 

GW170817 +

Implications for nuclear physics



Next Generation considerations



Are superheavy elements produced in the r-process?
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Reactions of synthesis

Cold fusion

Nh

Light ions

Neutron 
capture

Yuri Oganessian. International Conference “Heaviest Nuclei and Atoms” Apr.25-30, 2023, Yerevan 



Z=99  Es
Z=100 Fm

R. Hoff, August 21, 1978

r-process idea from weapons tests: B2FH 
Reviews of Modern Physics  29(4), 547 (1957)

Neutron star: 1043 or 1041 neutrons/cm2



Recent observations of r-process enhanced stars
Science 382, No.6675, Dec. 2023

Ru, Rh, Pd, Ag 

Eu, Gd, Dy, Ho, Er,
Tm, Yb, Hf, Os, Pt 

Fission recycling!

A>260 (110+ 150) were made in the r-process



Open Challenges to Nuclear Physics  
resulting from the neutron star merger
A. Aprahamian
NuPECC in Sept. 2021

Fission



F i g u r e  b y  M u m p o w e r



294Og→ 208Pb+86Kr50

Cluster decay becomes the main fission 
mode

Z. Matheson et al., Phys. Rev. C 99, 041304(R) (2019)

Robust prediction: extremely asymmetric fission

Courtesy of W. Nazarewicz



T1/2 (α6) exp = 16 h
~50%

(T1/2 )exp = 28.3 h

TEC ≈ 2-10 h

TSF ≈ 0.2 h

Modes of the 
spontaneous fission

TSF ≈ 1 s

α5

α6

Bh
272

EC

TSF ≈ 0.1 s

Yuri Oganessian. International Conference “Heaviest Nuclei and Atoms” Apr.25-30, 2023, Yerevan 

105



JINR: Dubna
Progress at SHE-Factory



Discovery of mass-symmetric 
spontaneous fission of 258Fm: Z=2x50

N=2x79E. K. Hulet et al., PRL 56, 313 (1986)

Calc.  N. Carjan, 2015 260

Magic numbers 
Z=50 & N=82

in nuclear fission

Yuri Oganessian. International Conference “Heaviest Nuclei and Atoms” Apr.25-30, 2023, Yerevan 



232Th + 48Ca ® 280Ds*

New nuclei 276Ds, 272Hs, 268Sg
New isotope 275Ds, confirmation for 271Hs, 267Sg, and 263Rf 

First observation of transition to the mainland

276Ds

4n

new

new

new

275Ds

5n

new

conf

conf

conf

Yuri Oganessian. International Conference “Heaviest Nuclei and Atoms” Apr.25-30, 2023, Yerevan 

125 new decay 
chains
New isotopes
Connect to 
mainland



Bomb debris from environmental tests of nuclear weapons

Ru, Rh, Pd, Ag Ranking of 10 
longest-lived 
isotopes:
106Ru 374 days
103Ru 39 days
111Ag 7.45 d
105Rh
112 Pd
109 Pd
113 Ag
105 Ru
112Ag
111Pd
107Rh

Fi s s i o n :  L L N L  – D U B N A  – A A NL



Did the merger indeed make the 
actinides?
How far did the nucleosynthesis go?
What is the role of fission ? 
What type of fission?

Conclusion:  Superheavies are probably made in the r-process!

Fi s s i o n ( ? ) :  L L NL  – N D - L B N L - J I N R       
D u b na

Bomb debris from environmental tests of nuclear weapons
NIF experiments
LBL 

Thank you for your attention!




