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e Nuclear fission presents an extremely complex motion and is key to application data needs

e Both fission theories and experiments have large uncertainties

fission process — multiple observables
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Our studies:

» Microscopic treatment of partition of
particles and energies between fragments,
impacts multiple post-fission observables

» Energy dependences of fission dynamics,
and fluctuation-dissipation effects

» Reveal of quantum entanglement in fission

» Energy dependent fission barriers relevant
for synthesis of superheavy element

» Machine learning for evaluation of
imperfect fission yields




Fission process
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Scission by random rupture?

e To explain the distribution of fission product yields
Successful intuitive picture
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U. Brosa, S. Grossmann, A. Muller
Physics Reports 197, 167(1990)

Brosa model: random rupture in neck:

* Exist of two asymmetric modes
* Longer neck-wide distribution-small TKE-higher fragment excitations



Shape evolution dynamics

e Shape evolution dynamics on potential energy surfaces
Langevin equation-- (collective motion, a Brown particle in deformation space)
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dissipation

Mass asymmetry

gikgjk = VijT™

(m™ ") jepr + gi;T;(1),

random force
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Elongation

v = 6rna

Fluctuation-dissipation theorem

friction coefficient

viscosity n RT kT

D=

Nbmna - 6mna

Peter Moller and Jgrgen Randrup
Phys. Rev. C 91, 044316 (2015)

Lile Liu, et al. Phys. Rev. C 99, 044614
(2019)



Shape evolution dynamics
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Usang, M.D et al., Sci. Rep. 9, 1525 (2019): 4D Langevin equation




Shape evolution dynamics

* TD—GCM
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D. Regnier, N. Dubray, N. Schunck, and M. Verriere, PRC 93, 054611 (2016)
Jie Zhao, T. Niksi¢, D. Vretenar, and Shan-Gui Zhou, PRC 99 014618 (2019)

Microscopic calculations of PES and mass parameters
Adiabatic dynamics: no fluctuation-dissipation,
no scission mechanism, no fragment excitation
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Non-equilibrium non-adiabatic microscopic dynamics

e Time-dependent DFT framework
¥ (1)) =e~ """ ¥(0)),

ihp ()= C¥(1)|[ ¢ * ey, H]|\Ir(;)) Evolution of density matrix
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ihpy, — 2 epPpt — Prplpr = 2 ”kprspf.r{p}r - r.ﬂupfgpjs'
2 prs * Pairingis included: TD-BCS
ihi (4T, -aSp @_5 (2) * Finite temperature is included
Pra [ p]“ z kprsBrsip sip8kprs > Y.Qiang, J.Pei, P.Stevenson, PRC 103,
L031304 (2021) .
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Non-adiabatic dynamics g? =0
One-body dissipation



Non-equilibrium non-adiabatic microscopic dynamics

e TD-DFT (large amplitude non-linear process)

Self-consistent: *to provide average @ @
Partition of particles and energies, observables but with
initial fragment shape, released TKE, narrow distributions
energy dependent, pre-equilibrium,
_g:;. bpt' . .p a fi i A. Bulgac, et al., Phys. Rev. C

non-adiabatic, scission configuration 100, 034615 (2019)
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Fluctuation-dissipation effects

e Dynamical fluctuation
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Yu Qiang, J.C. Pei, P.Stevenson, PRC 103, L031304 (2021)
Y.Qiang, J.C. Pei, PRC 104, 054604 (2021)

* TDDFT to extract dissipation coefficients

initial high excitation--- larger dissipation
coefficient---high viscosity---long neck---small
TKE---high excitation of fragments
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Distribution of fission yields

e Quantum fluctuations beyond mean-field correlations: subspace double-projection on
particle number
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M.Verriere, N.Schunck, and T. Kawano, Phys.
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Distribution of fission yields

e TD-DFT: initial fluctuation + dynamical fluctuation + double subspace PNP
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Puzzling sawtooth structures

e Fragment neutron multiplicities, neutron/proton ratio, fragment spin:
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Partition of particles

e Microscopic explain of sawtooth structures

Fragment probability (%)
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Partition of energies

e Distributions of fragment E* by subspace PNP
e Different E* in fragments of same (Z,N)

60 - Events | projg — ~ .
S e S WP (N, Np)PP(Zr, Zp|¥)
2 »
=3 ] d AT
5 ‘
2
ugJ \ i | \
5 ga
e 5 |
w OoFfF - 'g"w‘v
|
n 1 n 1 L 1 : 1 gzo
80 100 120 140 160 % \
Fragment Mass (A) % i p— ;
ézo / — = :O;
. . . 7 | T e
* Again, steep slope mitigated by fluctuations E s P 4
* Stronger entanglement steeper slope oty Bt Jo &



Dynamical quantum entanglement

e Quantum entanglement in fission caused by fast non-adiabatic splitting
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Entanglement entropy

e Entanglement entropy S between two fragments Z 5
n= U;
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Entanglement vs Disentanglement

e Quantum entanglement is responsible for the positive slope of E* distributions
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* Sawtooth of N/Z ratio is not related to entanglement
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Entanglement vs Disentanglement

e Awareness of entanglement
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Energy partition of entangled fragments

Obtain energy partition in all fragments
Neutron-rich fragments have more excitation
energies, reduce productions of rare-isotope beams

120Cd/132Sn neutronless fragmentation in 252Cf(sf):
132Sn is a cold fragment
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Bayesian Evaluation of imperfect fission yields

e Measured fission yields are usually noisy, discrepant, incomplete

3.0

FPY (%)
= = n N »
[4,] @ - F ~

-
w

235U(n,f)"/Nd :

{ 4 f E
Lgts r 11
.. SERTENIE
Wiy + 1
- @
: A
®
| ? X
L
0 3 6 9 12 15

Incident Neutron Energy (MeV)

Evaluation to infer by combine experimental
data and models

Major evaluated nuclear data libs (ENDF, JENDL,
JEFF, CENDL), only 3 energy points: thermal, 0.5
MeV and 14 MeV

Key questions: energy dependence and
uncertainties

Why Bayesian machine learning:

e suitable for handling imperfect data and
uncertainties

* Physics informed priors are possible



Bayesian Evaluation of imperfect fission yields

Expt. discrepancy
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Bayesian Evaluation of imperfect fission yields

e Optimization: Physics Constraints o Uncertainty Propagation
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Bayesian Evaluation of imperfect fission yields

® Data Fusion of different experiments, yield-energy relations

L B L O N A LA L B B T T T T T T T T T T T ]
——BNN Mo (a)

Z.A. Wang, J. C. Pej, et al.,
Phys. Rev. C 106, L021304 (2022)

Fission Yields

Exploit maximum values of
S raw nuclear data
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e TD-DFT provides new insights in fission dynamics: non-equilibrium and non-

adiabatic effects

e A deeper understanding of scission: partition, entanglement, angular moment

generation

e Physics informed machine learning for evaluation of sparse data

Thank you!



