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Fission In r-process nucleosynthesis

. Fission

- A nuclear decay of heavy nuclei (e.g., U) fission in the r-process
- Includes spontaneous fission and | o-decaydominan{ ' [Heavier fragmentof| = |
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- Radioactive decay and fission can provide Neutron number N S Tanaka

energy sources for kilonovae from
neutron-star mergers
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proton number, Z
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proton number, Z

Fission nuclei on the NZ-plane

28

©000000000000000000000000000000000000§0000000000000000000
©0000000000000000000000000000000000000$00000000000000000000
©00000000000000000000000000000000000000008000000000000000000000
©0000000000000000000000000000000000000000000000000000000000000000
©0000000000000000000000000000000000000000000000000000000000000000000
©0000000000000000000000000000000000000000000000000000000000000000000000
©000000000000000000000000000000000000000000000000000000000000000000000000000
©000000000000000000000000000000000000000000000000000000000000000000000000000000
©000000000000000000000000000000000000000000000000000000000000000000000000000000000
©000000000000000000000000000000000000000000000000000000000000000000000000000000000000
©000000000000000000000000000000000000000000000000000000000000000000000000000000000000000
©000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000
0000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000
©00000000000000000000000000000000000000000000000000000000000000000000000000000000000000000 000
©00000000000000000000000000000000000000000000000000000000000000000000000000000000000000000/' 0 0 O
©000000000000000000000000000000000000000000000000000000000000000000000000000000000000000 oo
©000000000000000000000000000000000Q0Q00000000000000000000000000000000000000000000000000000/ 00 oo
oo 000 000000000000000000 °
00000000000 00 o ofiio fof g 0PO000000000 0/ 0 000 00
©000000000000000 00000000000 ] PO00000000000 000 0 00
©000000000000000 BofofEEok B 00000000000 0 0 0 00

©0000 00000 offio ofijo o o ofilio Bof o 00000000000 000
oco0o00000000000 00 offflclilio o oo ol g ool 000000000 0 010
©000000000000000000 0000000 ool 2 a 2 00000000 0/ O

©00000000000000000000000000 ] oo o

o b oo o 0 ©
©000000000000000000000000 PO00O 000 0
©0000000000000000000000000offo ‘B B gU000000000 0 00 0 ©
©0000000000000000000 ©000000 0 00000000000
©000000000000000000000000000000ofofillooocoo 000000100
00000000 oooooooooolooooooooooooooo 0000 010000000 0 000
©0000000000000000000008#00000000000000000000 o o oo 00
©0000000000000000000000000000000000000000000 oo
©00000000000000000000000000000000000000000
©00000000000000000000000000§000000000000
©0000000000000000000000000000008#0000000000

_ﬂ___

-proces regio

Spontaneous fissio .
n-induced fissio °

r-process "path

100 150 200

neutron number,

fission: OFF (unphysical)

N
-
D)

s
=
=
=
=
S
~—
o
—
.

N
-

10°
time, s

102

100
neutron number, N

Time = 4.31 x 10°

T =956x107 K

p = 2.13x 10!

g cm™

=
Abundance, log|g Y

1
(W)




Nuclear fission in the r-process

r-process — fission : termination, heating source of “kilonovae”

fission — r-process : unique natural source, beyond accelerator experiments

NS merger (kilonova)
Goriely+(2013)
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Talk plan

-Fission In r-process
‘r-process is only nucleosynthesis process fission happens
-several astronomical observations

-Recent progresses In astrophysics
-Compact binary merger simulations and r-process
- Actinide-boost metal-poor stars

- Theoretical fission data for the r-process
-need for database: fission & n emission for U isotopes
-(impacts on the r-process)




Recent progresses
In astrophysics



Nuclear fission in the r-process: kilonovae

NS merger (kilonova)

r-process — fission : heating source of “kilonovae”

light curve  Wanajo+2018 light curve Zhu+2018
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N

S mergers and "kilonova” credit NAO

3. approach w/ 3. Merger of NS
GW emission & GW burst
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4. r-process nucleosynthesis
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the solar abundances
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Metal-poor stars and “Galactic Arch ] -

fossils

Globular clusters

(GGalactic halo.
B

Galactic bulge

S t O, B stars
a2 . alactic center
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Gas and dust

Open cluster

30 kpc
redit: Pearson Education Inc.



-42 r-process enhanced metal-poor stars
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r-process in NS—NS meragers: dynamical + post-merger
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Stronager fission in BH—NS?

NN+(2010): NPAG conference proceedings
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Nuclear fission in r-process nucleosynthesis

Credit: K. Hayashi

BH-NS simulation
Wanajo+(2024)
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2ar fission in r-process nucleosynthes
Abundance comparison to actinides-boost stars

(not the solar abundances)

Wanajo+(2024)
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Theoretical fission data
for the r-process

In collaboration with Kindai U+ Group
-S.Tanaka, NN, Minato & Aritomo PRC 108 054607 (2023)
-C.Tahara (Master Thesis, Kindai U, FY2025)
-K. Miyake (undergraduate project, FY2026)
-S.Takagi, NN+, in prep.




PHYSICAL REVIEW C 108, 054607 (2023)

Postfission properties of uranium isotopes: A hybrid method with Langevin dynamics
and the Hauser-Feshbach statistical model

S. Tanaka (H H}# 1) ©,"" N. Nishimura (FEM{{F &) ©,>!" F. Minato (B K#) ©,>!* and Y. Aritomo (A & % 1) 04

A (Ta-naka): 4th

1 293.000 788 (Nishi-mura): 44th
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Jynamice 2N MOoael.
see also an overview talk by Aritomo

Viom(q) = Es(q) + Ec(q) Temperature
+ Vsuy(q, T) Ve (q,T) = E&.;;(q)®(T) dependent factor

aT?

@ (T) = exp(— E) E; = 20[MeV]

h2e(f + 1)
21(q)

V(q, f, T) = VLDM (q) |

(a) At low excitation energy

w
L

| Liquid drop model
T G + Shell correction

Viom(q) +Vsu(q,T)

(b) At high excitation energy

B . » 55 MeV) Z, fm

Liquid drop model [f}])] 1 O

207 o, . only

Viom(q)

',l_.;‘ | A'_.l

[fm]




Fission theory: dynamical calculatlons

fission distribution by Langevin calculations

KUDAF (ver O.1, in prep.)
(Kindai University Database of Dynamical Fission yields)

NN with Tanaka, Aritomo (Kindai U Group)

Fm KUDAF vs GEF Fission distribution with UCD
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Svymmetric-asymmetric transition: E*
A=257 Okubayashi (2021)
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The impacts on the r-process

-Comparison: all asymmetric, asymmetric — symmetric A =257 & N = 160
-very neutron-rich conditions, e.g., NS mergers
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toward complete fission yields for r-process

theoretical data « astrophysical nucleosynthesis
fission process has several experimental data — comparison

see also talk by Liu Tanaka, NN+2023
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Pre-neutron emission yield
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Total kinetic energy (MeV)

236) : fission + n emission
236 (E*=9 MeV)
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neray of prompt neutron emission
-Prompt emission neutrons have large energy > MeV
- They are considered to be immediately decreases 0.1 in r-process conditions
-but in the low density cases (low neutron number density)?
— high-energy (n,f) and others”? pecuiar observational signals??
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Multi-chance fission ?: neutron-rich U
-may be significant for very neutron-rich U (E* = 7MeV) : A > 270

-may change the total neutron multiplicity
-de-excitation: changes fission mode? suppresses n-induced fission?

-but for lower E* ? trans-U nad superheavy isotopes?
Takagi, NN+, in prep.

U 1sotope
E" =7MeV
. E-MAT

_ Takagi, NN+, in prep.
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Summary

- (background) Fission in r-process nucleosynthesis
‘r-process is only nucleosynthesis process fission happens
-several astronomical observations

‘NS mergers: a kilonova lightcurve

-metal-poor stars: actinoide-boost, evidence of fission yields?

-Dynamical fission calculations toward the r-process region

-n-rich U: symmetric distribution and larger neutron multiplicity
-transition point to symmetric has impacts on the r-process
neutron emission?
- (reliminary) multi-chance fission?






