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Voyage towards the limit of existence



The Three Sisters, Blue Mountains, New South Wales, Australia by GREAT SIGHTS

The continent of stability has been well explored..

https://www.greatsights.com.au/articles/the-history-of-the-three-sisters


“Flat Earth” by iStock; “Fanciful view of ship sailing over edge of Earth” by Georgia Studies Images

Now we are sailing towards the edge of the nuclear landscape..

 drip lines

 shell structure

 deformation

 skin, halo

 nuclear matter properties

 nucleosynthesis

 ...

Stable nuclei:  288

Experiment:  ~3200

Theory:  ~7000

https://www.istockphoto.com/au
https://georgiainfo.galileo.usg.edu/gastudiesimages/Ship%20Sailing%20Over%20Edge%20of%20Earth.htm


What is the heaviest element?



The Periodic Table

The elements up to Z=118 have been discovered

Synthesis of new superheavy elements is the most challenging, important subject!

Nh Ts Og

113: Nh (Nihonium)

115: Ms (Moscovium)

117: Ts (Tennessine)

118: Og (Oganesson)

November 2016

The 7th row has been completed

with the newly added 4 elements:

Mc



The north-east part of the nuclear map

Yuri Oganessian, Pure Appl. Chem. 78, 889 (2006)
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Half-lives

*108 sec ~ 3 years



Cold fusion
Hot fusion

Neutron capture

We do need theoretical predictions!

Z = 119, 120, ...

Light-ion induced

The north-east part of the nuclear map



a few words about the theory..



TDHF - past and present

84Kr+209Bi, Elab = 850 MeV

K.T.R. Davis, K.R.S. Devi, and M.R. Strayer, PRL44(1980)23

✓ various symmetry restrictions

✓ simplified interactions

✓ limited computational power

238U+238U, Elab = 900 MeV

C. Golabek and C. Simenel, PRL103(2009)042701

✓ full 3D

✓ modern interactions (or EDF)

✓ accurate numerical methods

and use of supercomputers
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N, Z

Remarks on TDHF (or TDDFT, TDEDF)

K. Sekizawa

✓ There is no adjustable parameter on reaction dynamics

: TDHF eq.

Effective interaction

Energy Density Functional (EDF)

Thu., Sep. 12, 2019TDHF Theory and Its Extensions for the SHE Synthesis



Complex
Quantum Mechanical

Processes

TDHF

Distribution of

reaction outcomes

by Physics Fun @PhysicsVideo_ on Twitter



Let’s see how it works



CN

Fusion Quasifission

Quasifission process

A fast (~10-21-10-20 sec) fission process before compound nucleus formation (fusion)

Capture

Towards synthesis of superheavy nuclei

K. Sekizawa Thu., Sep. 12, 2019TDHF Theory and Its Extensions for the SHE Synthesis



CN

Fusion Quasifission

Quasifission process

A fast (~10-21-10-20 sec) fission process before compound nucleus formation (fusion)

Capture

Towards synthesis of superheavy nuclei

K. Sekizawa

✓ QF becomes dominant 

for heavy systems

→ TDHF is applicable!

Thu., Sep. 12, 2019TDHF Theory and Its Extensions for the SHE Synthesis



Quasifission dynamics in TDHF

64Ni+238U at Elab=390 MeV

Shell effects of 208Pb More mass-symmetric

Tip collision Side collision

24 Neutrons

12 Protons
32 Neutrons

18 Protons

KS and K. Yabana, PRC93(2016)054616

K. Sekizawa Thu., Sep. 12, 2019TDHF Theory and Its Extensions for the SHE Synthesis



64Ni+238U at Elab=390 MeV

T
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E
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M
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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

KS and K. Yabana, PRC93(2016)054616

K. Sekizawa Thu., Sep. 12, 2019TDHF Theory and Its Extensions for the SHE Synthesis



However, TDHF cannot describe the process of

the compound-nucleus formation

To study fusion reactions for SHE synthesis,

we have proposed a “TDHF+Langevin” approach



TDHF + Langevin approach:  Idea

KS and K. Hagino, Phys. Rev. C 99, 051602(R) (2019)

Rapid Comm. with Editors’ Suggestion

We use fusion-by-diffusion model to describe 

the “up-hill diffusion” over the inner barrier

Fusion-by-diffusion model:

W.J. Świątecki, K. Siwek-Wilczyńska, and J. Wilczyński,

Acta Phys. Pol. B 34(2003)2049; PRC71(2005)014602

K. Hagino, PRC98(2018)014607

➢ Analytical formula can be derived:

Input: Distance of closest approach

Kouichi Hagino

(Kyoto U.)



Formation probability of Z=120

Magicity of 48Ca affects the survival probability via the lower excitation energy

TDHF

Very similar

for all systems

FBD

Thus, PCN is

also similar
(higher E*, larger PCN)

Note:

Survival probability also depends

on the fission barrier height!

KS and K. Hagino, Phys. Rev. C 99, 051602(R) (2019)

K. Sekizawa Thu., Sep. 12, 2019TDHF Theory and Its Extensions for the SHE Synthesis



Another possibility is to use deep-inelastic collisions

(multi-nucleon transfer reactions)



Complex
Quantum Mechanical

Processes

TDHF

Distribution of

reaction outcomes

by Physics Fun @PhysicsVideo_ on Twitter

TDRPA



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



R. Balian and M. Vénéroni, Phys. Rev. Lett. 47, 1353 (1981); Ann. Phys. 216, 351 (1992).

C. Simenel, Phys. Rev. Lett. 106, 112502 (2011); Eur. Phys. J. A 48, 152 (2012).

Numerical implementation of TDRPA for the mass width

Initial state: t0

TDHF:  σA ~ 1.5

Experiment:  σA ~ 7.1

After collision: t1

Forward TDHF



R. Balian and M. Vénéroni, Phys. Rev. Lett. 47, 1353 (1981); Ann. Phys. 216, 351 (1992).

C. Simenel, Phys. Rev. Lett. 106, 112502 (2011); Eur. Phys. J. A 48, 152 (2012).

After collision: t1

TDHF:  σA ~ 1.5

Experiment:  σA ~ 7.1

TDRPA:  σA ~ 7.5

Initial state: t0

The Balian-Vénéroni prescription (TDRPA):

Backward TDHF

Numerical implementation of TDRPA for the mass width



R. Balian and M. Vénéroni, Phys. Rev. Lett. 47, 1353 (1981); Ann. Phys. 216, 351 (1992).

C. Simenel, Phys. Rev. Lett. 106, 112502 (2011); Eur. Phys. J. A 48, 152 (2012).

TDHF:  σA ~ 1.5

Experiment:  σA ~ 7.1

TDRPA:  σA ~ 7.5

After collision: t1

Initial state: t0

The Balian-Vénéroni prescription (TDRPA):

Backward TDHF

Numerical implementation of TDRPA for the mass width

Expt. (58Ni+60Ni)

TDRPA (60Ni+60Ni)

TDRPA quantitatively reproduced the experimental mass width!

TDHF(max):

0.013



Another issue:

TDRPA cannot be applied for asymmetric systems :(

Stochastic extensions



Observables are evaluated

by an ensemble average

Stochastic Mean-Field (SMF) approach

✓ In the small fluctuation limit, SMF approach 

analitically reproduces the TDRPA formula

K. Sekizawa

:  Stochasticity in the density matrix

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

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

TDHF

Sakir Ayik

(Tennessee Tech.)
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SMF approach: Quantal diffusion description

*Drift and diffusion coefficients (ν & D) are determined by TDHF

The widths develop in time by nucleon exchanges through the window



K. Sekizawa

58Ni+208Pb (Ec.m.=257 MeV)

Expt.:  L. Corradi et al., PRC66(2002)024606

Expt.

TDHF

SMF

Production cross section for lighter fragments

*PN,Z(b):  transfer probability

Particle-number projection for TDHF

Correlated Gaussian for SMF

Thu., Sep. 12, 2019TDHF Theory and Its Extensions for the SHE Synthesis

Preliminary



Future works

K. Sekizawa

Aditya Wakhle

(Texas A&M)
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Z

Angular momentum

Tip-to-side

Side-to-side

✓ Experiments were performed for 208Pb+208Pb and 238U+232Th at Texas A&M

✓ TDHF calculations were performed for 238U+232Th at 7.5 MeV/A (by A.W.)

✓ TDRPA calculations were performed for 238U+238U and 208Pb+208Pb (by K.S.)

*Bars indicate a range of Z with ~10-4 mb cross section

Preliminary

Thu., Sep. 12, 2019TDHF Theory and Its Extensions for the SHE Synthesis

Preliminary



Picture by Tumisu from Pixabay

SHE

SuperHeavy Element

ME: Microscopic thEory

TDHF

TDHF+Langevin

TDRPA SMF

Summary

https://pixabay.com/users/tumisu-148124/?utm_source=link-attribution&utm_medium=referral&utm_campaign=image&utm_content=2042975
https://pixabay.com/
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