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Theory: ~7,000

Expt.: ~3,300

Z=114

M. Thoennessen, Rep. Prog. Phys. 76, 056301 (2013)

How can we create yet-unknown neutron-rich nuclei?

Heaviest element?

New magic numbers?

Impact on r-process?

Island of stability?
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Proton number

Y.X. Watanabe et al., PRL115(2015)172503

N=126

Fragmentation: T. Kurtukian-Nieto et al., PRC89(2014)024616

Production cross section for N=126 isotones in 136Xe+198Pt

Multinucleon transfer (MNT) reaction could be an efficient tool!

MNT: 136Xe+198Pt

(8 MeV/A)

Fragmentation (Expt.):
208Pb (1GeV/A) +Be
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K. Sekizawa

Comparison:  TDHF vs. Experimental data

K. Sekizawa and K. Yabana, PRC88(2013)014614;  K. Sekizawa, PRC96(2017)014615

Expt.:  L. Corradi et al., PRC59(1999)261

Mass number

64Ni+238U (Ec.m.=307 MeV, E/VB=1.27 [tip], 1.16 [side])

Expt.

TDHF GRAZING

TDHF+GEMINI

Production cross section for projectile-like fragments
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64Ni+238U at Elab=390 MeV
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TKE-A distribution:  Comparison with experimental data

Expt.: E.M. Kozulin et al., PLB686(2010)227

TDHF Experiment

TDHF provides quantitative description of quasifission dynamics

K. Sekizawa

K. Sekizawa and K. Yabana, PRC93(2016)054616
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We put one step forward along this direction:

performed in collaboration with Australian National University (ANU)

E. Williams D.J. Hinde M. Dasgupta C. Simenel



Mass ratio

Mass ratio:

Mass distributions of 58Ni+60Ni at various energies

Experimental data taken at ANU

K. Sekizawa

A wide mass distribution

emerges for E/VB>1.27

At E/VB=0.83:

a double peak

At higher energies:

a single peak

✓ Indication of

mass equilibration

Q. From which process (and timescale) the wide mass distribution originates:

DIC or fusion-fission?
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58,60Ni+60Ni at E/VB=1.4

TDRPA quantitatively reproduced the experimental data

E. Williams, K. Sekizawa, D. Hinde et al., Phys. Rev. Lett. 120, 022501 (2018)

TDHF(max):

0.013

Mass equilibration was 

achieved within ~3-4 zs

Width of the mass ratio distribution, σMR: Expt. vs Theory
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58,60Ni+60Ni at E/VB=1.4

Mass equilibration was 

achieved within ~3-4 zs

TDRPA quantitatively reproduced the experimental data

TDHF(max):

0.013

Full energy dissipation was 

achieved within ~1.5 zs

Width of the mass ratio distribution, σMR: Expt. vs Theory

K. Sekizawa

E. Williams, K. Sekizawa, D. Hinde et al., Phys. Rev. Lett. 120, 022501 (2018)
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Another issue:

TDRPA cannot be applied for asymmetric systems :(

Stochastic extensions



Stochastic Mean-Field (SMF) approach

K. Sekizawa

S. Ayik, Phys. Lett. B658, 174 (2008)

D. Lacroix and S. Ayik, Eur. Phys. J. A 50, 95 (2014)

TDHF

Sakir Ayik

(Tennessee Tech.)

Observables are evaluated

by an ensemble average

:  Stochasticity in the density matrix  ( : event label)
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Primary production cross sections for 64Ni+208Pb (Ec.m.=268 MeV)

K. Sekizawa and S. Ayik, PRC102(2020)014620

SMF approach provides significantly wider distribution!

*PN,Z(b):  transfer probability

Particle-number projection for TDHF

Correlated Gaussian for SMF

Primary production cross sections
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Expt.:  W. Królas et al., Nucl. Phys. A 724, 289 (2010)

Secondary production cross sections for heavier fragments

Expt.

SMF+GEMINI

TDHF+GEMINI

K. Sekizawa and S. Ayik, PRC102(2020)014620



Production of neutron-rich nuclei along N=126

K. Sekizawa

K. Sekizawa and S. Ayik, PRC102(2020)014620

SMF approach predicts much larger cross sections than TDHF

✓ Cross sections for N=126 production are comparable with the Xe+Pt data

✓ One must go beyond TDHF to describe processes far from the average values
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Kinetic energy distribution from SMF

136Xe+208Pb (Ec.m.=526 MeV)

K. Sekizawa

TKE distributions could be obtained based on the microscopic mean-field approach

Momentum distribution: TKE distribution:

:  TKEL distribution

S. Ayik and K. Sekizawa, PRC102(2020)064619
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Summary

Takeaway message

e.g. TDHF+Langevin, TDHFB

Further extensions

Providing input information for 

other theoretical approaches

and/or predict new phenomena

Fluctuations/correlations

Width of mass, charge distributions,

correlation between n/p transfers,

...

SMF and TDRPA

✓ TDHF can properly describe the main reaction outcomes in low-energy 

heavy-ion reactions, and may be further improved with extended techniques

TDHF

Main reaction outcomes

Average number of nucleons,

TKE, scattering angles,

contact times, ...
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