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protons
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Nuclei form
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Atoms form
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Stars form. Their
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Proton & Formation Star ’Ifodzly
Neutron of Light Formation
Formation Nuclei

How were elements Fe to U made? e
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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
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e First stars: fusion for mid-mass elements

* Late stars: post-red-giant stellar evolution, carbon and
oxygen burning

®Cal’b0n-1 2 Ene rgy
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* Ignition of type la supernovae Tl
o Carbon-12 . \@
* Ignition of superbursts o o

(a) Magnesium-24 "~
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The first supernova

z = 14.99
tw= 10118 Myr

E.=10%ergs

Orange: Isosurface at. T = 1000 K Blue: Isosurface atn, = 5x10°cmr

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?
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Periodic Table of the Elements

20 24 25 26 27 28
| .
Cr Mn  Fe Co Ni Cu Zn
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38 42 43 44
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Are there more elements?
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Cold fusion reactions

48Ca induced reactions

neutrons

80— 3 | | d |
120 1 140 150 160 170 180 190
Oganessian, Eur. Journal of Physics A, 60:227 (2024)



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

1307 7O

N 110

g

Nuclear Physics Question:
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Were Supethe
made in the'r-process?




Cowan et al. 2011

Explosive

r-process

Origin of more than 50% of all the elements beyond iron o T

30 40 50 60 70 80 90
Atomic Number

Tyt 1
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Site of r-process is still one of open challenges in all of physics toda

Temperature, density as a function of time, initial compositions, neutrons
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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!
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Abundances from other neutron induced
nucleosynthesis processes
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GW170817 +70 Electromagnetic Transients
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LIGO, VIRGO, GAGRA began new observation run on May 24, 2023




Next Generation considerations

Cosmic Explorer

1 3G GW observatory

™
LIGO - India

Einstein Telescope
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Eur. Phys. J. A (2012) 48: 122
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Have superheavy elements been produced in nature?

I. Petermann!, K. Langanke?3*, G. Martinez-Pinedo?:3:2, I.V. Panov®®, P.-G. Reinhard’, and F.-K. Thielemann®
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Reactions of synthesis

Cold fusion
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Yuri Oganessian. International Conference “Heaviest Nuclei and Atoms” Apr.25-30, 2023, Yerevan
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r-process idea from weapons tests: B°FH
Reviews of Modern Physics 29(4), 547 (1957)

Lawrence Livermore Laboratory

PRODUCTION OF EINSTEINIUM AND FERMIUM 1. NUCLEAR EXPLOSJONS

R. Hoff, August 21, 1978
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Recent observations of r-process enhanced stars
Science 382, N0.6675, Dec. 2023
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Open Challenges to Nuclear Physi

resulting from the neutron star mer

A. Aprahamian
NuPECC in Sept. 2021

Fission 75 8 95 105 115 125 135 145 155 165
A
Figure 4. Low-energy (thermal) neutron-induced fissioi
fragment distributions with 3332350 and 3%Pu. The dotte:
line indicates the fission of ***U with 14 MeV neutrons.



FISSION CAN IMPACT FINAL ABUNDANCES

Figure by Mumpower
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Network calculation of tidal ejecta from a neutron star merger (FRDM2012)
[Fdf can shape the final pattern near the A = 130 peak
This is because of a relatively long fission timescale

Conclusion = we need a good description of fission yields to understand abundances near A ~ 130.

Kodama & Takahashi (1975) « Shibagaki et al. ApJ (2016) « Mumpower et al. ApJ 869 1 (2018)  Vassh et al. J. Phys. G (2019)



Cluster decay becomes the main fission

mode
294Og9 208Pb+86Kr50
Z. Matheson et al., Phys. Rev. C 99, 041304(R) (2019)
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Robust prediction: extremely asymmetric fission

Courtesy of W. Nazarewicz
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Yuri Oganessian. International Conference “Heaviest Nuclei and Atoms” Apr.25-30, 2023, Yerevan
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Fig. 5 Luminosity of experiments on synthesis SHE in **Ca-fusion.
Before 2020, the studies were carried out at the accelerator complex
U-400 + DGFRS-1 (dashed red line). With the start-up of the SHE Fac-
tory: DC-280 cyclotron + new gas field recoil separators, the luminosity
increases (solid red line). Rotating targets of different area were used
in the experiments (shown in the graph)

JINR: Dubna
Progress at SHE-Factory



Discovery of mass-symmetric Magic numbers
spontaneous fission of 2°8Fm; Z=2x50 2350 & N=82

E. K. Hulet et al., PRL 56, 313 (1986) N=2X79
246 248 250 252 254 256 |2

in nuclear fission
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232Th +48Ca — 280ps*

275ps 276Ds
New nuclei 276Ds, 272Hs, 2688g

New isotope 27°Ds, confirmation for 27'Hs, 267Sg, and 263Rf

5n 4n
First observation of transition to the mainland m w

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

125 new decay
chains
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Bomb debris from environmental tests of nuclear weapons

Fission: LLNL - DUBNA - AANL

Ranking of 10
longest-lived
isotopes:

106Ru 374 days
103Ru 39 days
111Ag 7.45d
105Rh

112 Pd

109 Pd

113 Ag

105 Ru

112Ag

111Pd

107Rh




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

Gamma-rays observer

 Blue Did the merger indeed make the
',/ SRR actinides?
How far did the nucleosynthesis go?
What is the role of fission ?

What tvpe of fission?
Fission (?): LLNL — ND- LBNL-JINR

\ Dubna
Bomb debris from environmental tests of nuclear weapons
NIF experiments

L UNIVERSITY OF

NOTRE DAME

w Thank you for your attention!






