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Production of fissioning nuclei in astrophysics?
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Californium-254 and Supernovae*

G. R. BUrRBIDGE AND F. HOYLE,} Mount Wilson and Palomar Observatories, Carnegie Institution of Washington,
California Institute of Technology, Pasadena, California

AND

E. M. BURBIDGE, R. F. CHRISTY, AND W. A. FOWLER, Kellogg Radiation Laboratory,
o . California Institute of Technology, Pasadena, California
Burbidge, Burbidge, Fowler and Hoyle (Received May 17, 1956)

2 It is suggested that the spontaneous fission of Cf?* with a half-life of 55 days is responsible for the form
B F H ( 19 5 7) of the decay light-curves of supernovae of Type I which have an exponential form with a half-life of
55 nights. The way in which Cf?5 may be synthesized in a supernova outburst, and reasons why the energy
released by its decay may dominate all others are discussed. The presence of Tc in red giant stars and of
Cf in Type I supernovae appears to be observational evidence that neutron capture processes on both a
slow and a fast time-scale have been necessary to synthesize the heavy elements in their observed cosmic

abundances.



Production of fissioning nuclei in astrophysics?

L ey Neutron-rich ejecta from
logla<p/ft neutron star mergers > 40 years ago

4

Lattimer&Schramm (1974), Lattimer+ (1977):
initially cold, expanding neutron star matter -
fission cycling r process + superheavy elements

NSM dynamical ejecta

Rosswog+13
See also Radice+19, Perego+19, Wanajo+14,
Bovard+17 Vincent+19, Foucart+20....



Production of fissioning nuclei in astrophysics?

N> Neutron-rich ejecta from
neutron star mergers > 40 years ago

Lattimer&Schramm (1974), Lattimer+ (1977):
initially cold, expanding neutron star matter -
fission cycling r process + superheavy elements

P

NSM dynamical ejecta Post-merger disk ejecta
Rosswog+13 Owen&Blondin 05
See also Radice+19, Perego+19, Wanajo+14, See also Just+16, Miller+19, Most+21,

Bovard+17 Vincent+19, Foucart+20.... Sprouse+23, Fernandez+23...



Number of Protons

82

50

28

20

Production of fissioning nuclei in astrophysics?

* Our Sun and other stars: U-238
* Deep sea ocean crusts: Pu-244
* Meteorites: Cm-247

Stable nuclei

Arcones+17
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Incident neutron strikes
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Fission in astrophysical environments
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Fission yields and rates depend on incident energy and
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“Universality” or “robustness” of
r-process abundances

1073

10 r-process rich halo stars compared to solar:
similar lanthanide abundance ratios
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Abundance
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“Universality” or “robustness” of
r-process abundances

10 r-process rich halo stars compared to solar:
similar lanthanide,abundance ratios
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Looking at a larger sample of stars: evidence of fission fragments

Pd,Ag Eu
>nd peak Ag (stable isotopes A=107,109), Eu (isotopes A=151,153)
Zr bea correlated through fission = r-process reach A>260
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Roederer, Vassh+23 (Science 382 (6675))



Looking at a larger sample of stars: evidence of fission fragments

Pd,Ag Eu
Ag (stable isotopes A=107,109), Eu (isotopes A=151,153)

correlated through fission = r-process reach A>260
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Why consistent ratios of Ag, Eu point to fission

Radice+19 merger dynamical ejecta: 1.35-1.35 vs. 1.2-1.4 M,
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Incident neutron strikes o—»@ Fission in astrophysical environments

Gammas > 3.5 MeV: signature of prompt and delayed
Deformation m fission gammas in an astrophysical event!
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EFlux=E dN/dEdtdA [MeVs~2cm 2]
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Fission in astrophysical environments

Gammas > 3.5 MeV: signature of prompt and delayed
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Detectability of fission gammas (>3.5 MeV) with the AMEGO telescope:
predicted detectability distance depends on nuclear model
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Production of fissioning nuclei in astrophysics?

Stable nuclei

Arcones+17

Nuclei known
to exist

2 8 20 28

50

Number of Neutrons

>

82

Apparent Magnitude

1
e
3 4
Li Be
Lithium  Beryllium
n 12

Na Mg

Sodium  Magnesi...

20 3
: : .
3 \ K
22 BN H
~
———
— ~— '\\—:;:2;*'——7;,,,;;; )
24 N~ ————
26
i 8
w2, M2, wi,
28 F225\ F275W F336W,u,U
0 5 10 15 20 25 30

MJD - 57982.529

Actinides

=N ©
Al Si

2
He
nnnnnn

7 8 9 10

N O F Ne
Nitrog Oxyger Fluorine Ne
15 16 17 18

P S CI Ar
Phosph. Sulfur Chiorine Arge

102 103

Th Pa U Np Pu Am Cm Bk Cf Es Fm Md No Lr

Thorium  Protacti...  Uranium Neptunium Plutonium Ameri

um  Berkelium Californi... Einsteini...

rmium  Mendele... Not belium  Lawrenc.

Villar+17; see also Cowperthwaite+17



Number of Protons

)]
o

N
oo

20

Production of fissioning nuclei in astrophysics?

A beacon of in situ lead production — Thallium-208’s 2.6 MeV emission line

Stable nuclei
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r process in neutron star mergers:
MeV gamma rays emitted from the f-decay of neutron-rich isotopes
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E2dN,/dEdtdA [MeV s~ cm~2]
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r process in neutron star mergers:
MeV gamma rays emitted from the f-decay of neutron-rich isotopes
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The 2.6 MeV gamma-ray line of TI-208 and the Th-232 decay chain
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The 2.6 MeV gamma-ray line of TI-208 and the Th-232 decay chain

Nuclear medicine:
Clinical imaging
studies using 22*Ra
a-particle therapy

Detectorresponse
Scanner measurement +
Monte Carlo decompositon
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The 2.6 MeV gamma-ray line of TI-208 and the Th-232 decay chain

Nuclear medicine: Detector response Thorium
Clinical imaging Scanner measurement +
studies using “"Ra Monte Carlo decompositon
a-particle therapy
Radium
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And many more! e.g.:
Exp. background: SNO+, BaToTliE
Nuclear safeguards: detect shielded ol - ™
enriched U-232, v Mikalsen+23 Bismuth
Geology: aerial surveys to map out 208T]
terrestrial Th, Scatter photons s
Soil and Hydrological Sciences: studies of
soil and water content.... -
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Thallium-208: a beacon of in situ neutron capture nucleosynthesis
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Comparison with other nuclei with decays emitting in the 2.5-2.8 MeV energy range
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Abundance

Comparison with other nuclei with decays emitting in the 2.5-2.8 MeV energy range
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From how far could we see a thallium signal given projected detector sensitivity?

Local Galactic Group
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What can current and near future rare isotope beam facilities target
in connection to actinide / lead production observables?
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*neutron capture rates for TI-205-208 *Masses of n-rich daughter products with A~140-160



An international and multi-disciplinary community is working to answer these questions

There are numerous groups worldwide doing calculations, measurements, and observations
relevant for heavy element synthesis!

Experimental campaigns

Advances in nuclear theory Observational campaigns
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