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Background

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

⚫ Both fission theories and experiments have large uncertainties

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
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Scission by random rupture?

⚫ To explain the distribution of fission product  yields 

Brosa model: random rupture in neck：
• Exist of two asymmetric modes
• Longer neck-wide distribution-small TKE-higher fragment excitations

U. Brosa, S. Grossmann, A. Müller
Physics Reports 197，167(1990)

Successful intuitive picture



Shape evolution dynamics

⚫⚫ Shape  evolution dynamics on potential energy surfaces

Langevin equation--（collective motion, a Brown particle in deformation space）

Fluctuation-dissipation theorem

Peter Möller and Jørgen Randrup
Phys. Rev. C 91, 044316 (2015) 
Lile Liu , et al. Phys. Rev. C 99, 044614 
(2019)

dissipation random force

friction coefficient



Shape evolution dynamics

⚫⚫

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



Shape evolution dynamics

⚫

D. Regnier, N. Dubray, N. Schunck, and M. Verrière，PRC 93, 054611 (2016)
Jie Zhao, T. Nikšić, 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

Fission yields distribution

TD-GCM



Non-equilibrium non-adiabatic microscopic dynamics

⚫

TDHF

Time-dependent DFT framework

Evolution of density matrix

Non-adiabatic dynamics
One-body dissipation

• Pairing is included：TD-BCS
• Finite temperature is included
Y.Qiang, J.Pei,  P.Stevenson, PRC 103, 
L031304 (2021) .



Non-equilibrium non-adiabatic microscopic dynamics

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

*to provide  average 
observables but with 
narrow distributions

A. Bulgac, et al., Phys. Rev. C 
100, 034615 (2019) 

Movie by Yu Qiang

Self-consistent：
Partition of particles and energies, 
initial fragment shape, released TKE, 
energy dependent, pre-equilibrium, 
non-adiabatic, scission configuration



Fluctuation-dissipation effects

⚫ Dynamical fluctuation

• Dynamical fluctuation by 
random transitions between 
levels

• Stronger fluctuations, 
increased long-neck S2 mode

S1: shorter neck, higher TKE, less asymmetric
S2: longer neck, smaller TKE, more asymmetric

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



Distribution of fission yields

⚫ Quantum fluctuations beyond mean-field correlations: subspace double-projection on 
particle number

M.Verriere, N.Schunck, and T. Kawano, Phys. 
Rev. C 100, 024612 –2019

Static calculations

number of particles in one fragment is uncertain



Distribution of fission yields

⚫ TD-DFT：initial fluctuation + dynamical fluctuation + double subspace PNP

Y.Qiang, J.C.Pei,K.Godbey, PLB 861, 139248-2025



Puzzling sawtooth structures

⚫ Fragment neutron multiplicities，neutron/proton ratio，fragment spin：Puzzle of 
sawtooth structures

Experimental observations

Energy partition Particle partition Angular momentum generation

Correlations among multiple observables
and how are their partitions



Partition of particles

⚫ Microscopic explain of sawtooth structures

• Double PNP: steep slope in sawtooth
• Steep slope mitigated by random fluctuations

TD-GCM: similar steep 

M. Verriere, N. Schunck, D. Regnier
Phys. Rev. C 103, 054602 (2021) 

Y.Qiang, J.C.Pei,K.Godbey, PLB 861, 139248-2025



Partition of energies

⚫ Distributions of fragment E* by subspace PNP

⚫ Different E* in fragments of same (Z,N)

• Again, steep slope mitigated by fluctuations
• Stronger entanglement steeper slope



Dynamical quantum entanglement

⚫ Quantum entanglement in fission caused by fast non-adiabatic splitting

Splitting is fast, and takes about 100 
fm/c, or 3.3×10−22 seconds

One Slater wfs can not be divided into two 
Slater wfs, it is too fast for non-localized wfs to 
be localized



Entanglement entropy

⚫ Entanglement entropy S between two fragments

Magnitude of non-localized wfs
Entanglement is persistent
in well-separated fragments Y.Qiang, J.C.Pei,K.Godbey, PLB 861,139248(2025)

Non-adiabatic

adiabatic



Entanglement vs Disentanglement

⚫ Quantum entanglement is responsible for the positive slope of E* distributions

• Sawtooth of N/Z ratio is not related to entanglement
• Partition of particle is earlier than partition of energies



Entanglement vs Disentanglement

⚫ Awareness of entanglement

• Change of particles in one fragment become easy
owing to entanglement with another

• Large entanglement steep slopes



Energy partition of entangled fragments

⚫

H.Y. Shang, Y.Qiang, J.Pei, NST 2025

• 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

A. Francheteau et al, PRL 132, 142501 (2024)



Bayesian Evaluation of imperfect fission yields

⚫ Measured fission yields are usually noisy, discrepant, incomplete

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:
• suitable for handling imperfect data and 

uncertainties
• Physics informed priors are possible



Bayesian Evaluation of imperfect fission yields

Interpolation rather than extrapolation

Expt. discrepancy

Zi-Ao Wang, J.Pei, Yue Liu,  Yu Qiang
Phys. Rev. Lett. 123, 122501 (2019)

C. Y. Qiao, J. C. Pei, et al.， Phys. Rev. C 
103, 034621 (2021) 



Bayesian Evaluation of imperfect fission yields

⚫ Optimization：Physics Constraints

-23-

Zi-Ao Wang and Junchen Pei
Phys. Rev. C 104, 064608 (2021) 

⚫ Uncertainty Propagation

Yi J Y, Qiao C Y, Pei J C, et al., 
Sci Sin-Phys Mech Astron, 2022, 52: 252013

negative-penalize

discrepant missing data



Bayesian Evaluation of imperfect fission yields

⚫

-24-

Data Fusion of different experiments, yield-energy relations 

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

Exploit maximum values of 

raw nuclear data

Heterogeneous data fusion 

can also be applied



Summary

⚫ TD-DFT provides new insights in fission dynamics: non-equilibrium and non-

adiabatic effects

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

generation

⚫ Physics informed machine learning for evaluation of sparse data

Thank you!


