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Neutron Sources in Stars



Galactic Chemical Evolution
First 
Stars

H, He, Li



FRIB construction motivation



weak s-process: neutron source
core of helium burning stars with 22Ne(α,n) 

s-process: neutron source
the convective intershell range of AGB stars 
with 13C(α,n)
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Dissociation of elements at high temperature and 
density conditions?

Death of stars
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Advanced LIGO: detectable strain of one part in 1021 over a 100 Hz bandwidth10-6  
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Gravitational 
Waves,
The Heavy Elements,
&
Superheavy Nuclei



Where are the heavy elements
made?



Were Superheavies 
made in the r-process?



Were the Heavy 
and 

Superheavy 
elements

made in nature?





•How were elements Fe to U made?

s-process
r-process

Wiescher 
Schatz

H, He, Li



Are there more elements?
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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, 
t

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



Snapshots of Simulations
Input is limited to what we know 



Mumpower, McLaughlin, Surman, and Steiner, Ap. J. 2016



Uncorrelated nuclear mass uncertainties and r-process abundance predictions

Hot r-process trajectory 



Merger accretion disk wind scenario Varying thermodynamics has little effect

Orford et al., Phys. Rev. Lett. 120, 262702 (2018)
Observed r-process elemental distributions



GW170817 + 70 Electromagnetic transients



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

Big Question: Fission



70 Electromagnetic Transients

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

GW170817 +

Implications for nuclear physics



Are superheavy elements produced in the r-process?



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

Nuclear Physics Question: 
Fission
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Z=108

Z=114



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



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





What are the uncertainties? r- and s- process branchings

Ru, Rh, Pd, Ag 
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238U+248Cm

Courtesy of A. Karpov
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208Pb

132Sn

48Ca

40Ca

16O4He

78Ni

56Ni

100Sn

“doubly magic” 
nuclei

Among them 
9 nuclei are doubly magic

About 3000 nuclei 
are known today

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



Nilsson, Thompson, and Tsang, 1969

208Pb

Z=82
N=126

Z=114
N=184

Z=108
N=162

Sobiczewski A, Gareev F A and Kalinkin B N 
1966 Phys. Lett. 22, 500

Theory

Experiment

Macro-microscopic theory   (Liquid Drop energy + Shell effect)
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Reactions of Synthesis:
Hot fusion

Тhis picture was created in 1966 

Neutron captureNeutron capture

Hot
fusion
Hot

fusion

1940 - 1955

1955 - 1975

But artificial elements 
began to be synthesized since 1940 

Deformed

Spherical

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



Reactions of synthesis

Cold fusion

Nh

Light ions

Neutron 
capture

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



Reactions of synthesis

Cold fusion

Nh

Light ions

Neutron 
capture

Act.+48Ca

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

targets
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292from 

accelerator

projectiles

target

rare and very
expensive isotope of Ca

artificial element made in
 high flux nuclear reactor,  

244Pu, 248Cm, 249Bk …

Fl
288

fusion & cooling

Reaction of synthesis

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

everything happens in a hydrogen medium at 1 torr



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

105

107
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Yuri Oganessian. International Conference “Heaviest Nuclei and Atoms” Apr.25-30, 2023, Yerevan 
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The three fission patterns of Nobelium 
predicted by the pre-scission model 

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



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 



Decay modes of the 234U nucleus
4He

208Pb
132Sn

230Th

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



θR = 00 ± 2.50

ER

TOF

Dubna Gas-Filled Recoil Separator

48Ca-beam
5·1012/s

249Bk-target
350 μg/cm2

50/s

Adam Sobiczewski, Acta Phys. Pol. B 41, 157 (2010). 

ERACN-x EVR



Summary decay properties of the Z-even isotopes observed 
in 238U, 240,242, 244Pu, 245, 248Cm and 249Cf + 48Ca reactions

Yu Ts Oganessian and V K Utyonkov,
 Rep. Prog. Phys. 78 (2015) 036301

2015

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



Summary decay properties of the isotopes of elements 113, 115, and 117 
observed in 237Np, 243Am and 249Bk + 48Ca reactions

2010-2014

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

LDM + Shell Corrections

Neutron captureNeutron capture

Hot
fusion
Hot

fusion

1940 - 1955

1955 - 1975

(15y)  8 elem.

(20y)  6 elem.

Act. + 48CaAct. + 48Ca

1989 - 2010(10y)  6 elem.

A. Sobiczewski, K. Pomorski, PPNP 58, 292, 2007

Cold fusionCold fusion
1974 - 2012(38y)  6 elem.

Nh

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



Lobby of the Royal Society of Chemistry



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 N L



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 N L  – N D -  L B N L - J I N R  
D U b n aBomb debris from environmental tests of nuclear weapons

    NIF experiments
    LBL 

Thank you for your attention!
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