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

Stable nuclei: 288
Experiment:. ~3200
Theory: ~7000

O drip lines

O shell structure

O deformation

O skin, halo

O nuclear matter properties
O nucleosynthesis

O ..
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What is the heaviest element?




Period

The elements up to Z=118 have been discovered

Synthesis of new superheavy elements is the most challenging, important subject!
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The north-east part of the nuclear ma
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Yuri Oganessian, Pure Appl. Chem. 78, 889 (2006)




The north-east part of the nuclear map

We do need theoretical predictions!
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a few words about the theory..



TDHF - past and present

v’ various symmetry restrictions v' full 3D

v’ simplified interactions v modern interactions (or EDF)

v limited computational power

v" accurate numerical methods
and use of supercomputers

84K +209Bj, E,,, = 850 MeV

238U+238U, E,,, = 900 MeV
K.T.R. Davis, K.R.S. Devi, and M.R. Strayer, PRL44(1980)23

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



Remarks on TDHF (or TDDFT, TDEDF)

v There is no adjustable parameter on reaction dynamics
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Let’s see how 1t works



Towards synthesis of superheavy nuclei

Quasifission process

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

Capture
Fusion ¢/ “ Quasifission

4 N
@ @

OER ™ Wsurv * Ocap * PCN

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



Towards synthesis of superheavy nuclei

Quasifission process

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

Capture

v QF becomes dominant
for heavy systems

— TDHF is applicable!

Quasifission

OER " Wasary * Ocap * PenN
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644233 —
Ni1+=*U at E,,=390 MeV KS and K. Yabana, PRC93(2016)054616

Quasifission dynamics in TDHF

Tip collision Side collision

Shell effects of 2%%Pb More mass-symmetric

24 Neutrons

12 Pr O

32 Neutrons
18 P
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64N 4238 —
Ni1+=*U at E,,=390 MeV KS and K. Yabana, PRC93(2016)054616

TDHF provides quantitative description of quasifission dynamics

TKE-A distribution: Comparison with experimental data

TDHF Experiment

TKE (MeV)
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Expt.: E.M. Kozulin et al., PLB686(2010)227
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However, TDHF cannot describe the process of
the compound-nucleus formation

N

To study fusion reactions for SHE synthesis,
we have proposed a “TDHF+Langevin” approach



KS and K. Hagino, Phys. Rev. C 99, 051602(R) (2019)
Rapid Comm. with Editors’ Suggestion

TDHF + Langevin approach: ldea

Ist stage: TDHF

Kouichi Hagino
(Kyoto U.)

3rd stage: statistical model

T

Input: Distance of closest approach

We use fusion-by-diffusion model to describe

> Analytical formula can be derived: the “up-hill diffusion” over the inner barrier
1 AV Fusion-by-diffusion model:
Pon = 5 1 —erf T W.J. Swiatecki, K. Siwek-Wilczyhska, and J. Wilezyfski,
Acta Phys. Pol. B 34(2003)2049; PRC71(2005)014602

K. Hagino, PRC98(2018)014607



Formation probability of Z=120

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

Magicity of 4Ca affects the survival probability via the lower excitation energy

TDHF FBD

System CN E* | Ruin ; Waur  PoN Weur
(MeV ) (fm) 10*)f(x107) (x10%)
@254&11 302190 (20.0)} 12,038 1.72 | 176 302
PLOr+2Cm 292120 33.2 1 13.09f 1. 1.31 2.47
Ply 4249k (399120 37.0 12940 3.95 B 0.117  0.461

P Ca+2" Fm 77120 (30.5)(12.94 ) 2.4 0.729 1.82
/ Note:
) Survival probability also depends

Very similar Thus, Pqy IS P Y P

- CI on the fission barrier height!
for all systems also similar
(higher E™, larger P¢y)
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Another possibility is to use deep-inelastic collisions
(multi-nucleon transfer reactions)
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We put one step forward along this direction:

PHYSICAL REVIEW LETTERS 120, 022501 (2018)

Exploring Zeptosecond Quantum Equilibration Dynamics:
From Deep-Inelastic to Fusion-Fission Outcomes in **Ni + %Ni Reactions

E. Williams,"" K. Sekizawa,” D.J. Hinde,! C. Simenel," M. Dasgupta,' 1. P. Carter,' K. J. Cook,' D. Y. Jeung,"
S.D. McNeil,' C.S. Palshetkar,”” D. C. Rafferty,' K. Ramachandran,"* and A. Wakhle'
'Department of Nuclear Physics, Research School of Physical Sciences and Engineering,

The Australian National University, Canberra, ACT 2601, Australia
zFa(_'uIry of Physics, Warsaw University of Technology, ulica Koszykowa 75, 00-662 Warsaw, Poland

@ (Received 16 August 2017; revised manuscript received 27 October 2017; published 10 January 2018)

performed in collaboration with Australian National University (ANU)
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E. Williams D.J. Hinde M. Dasgupta C. Simenel




Numerical implementation of TDRPA for the mass width

Forward TDHF

~

oh = (V%) — (W)

O Aften: t,
TDHF: 6, ~1.5

to Experiment: o, ~ 7.1 Initial state: t,

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

The Balian-Venéroni prescription (TDRPA):
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Backward TDHF

After collision: t;

2 _ /AT2 7\ 2
o5 = (N%) = (N)
TDHF: 0, ~1.5 N >
: €
t(] Experiment: o, ~ 7.1 Initial state: A,
TDRPA: 6, ~ 7.5

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

TDRPA quantitatively reproduced the experimental mass width!

@ Expt. (8Ni+5Ni)
t1 —— TDRPA (®Ni+6Ni)

Backward TDHF

s s ‘2 \\ TDHF(max):
7a= (V%) = (V) ector
Detector
TDHF: 0,~ 1.5 resolution
t(] Experiment: g, ~ 7.1

TDRPA: 6,~75

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).



Another issue:
TDRPA cannot be applied for asymmetric systems :(

N

Stochastic extensions




. . S. Ayik, Phys. Lett. B658, 174 (2008)
Stochastic Mean-Field (SMF) approach D. Lacroix and S. Ayik, Eur. Phys. J. A 50, 95 (2014)

Observables are evaluated
by an ensemble average

Sakir Ayik

(Tennessee Tech.)

v" In the small fluctuation limit, SMF approach
analitically reproduces the TDRPA formula

0 P14 . Stochasticity in the density matrix
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SMF approach: Quantal diffusion description

The widths develop in time by nucleon exchanges through the window

*Drift and diffusion coefficients (v & D) are determined by TDHF
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ENi-+208Ph (E,,, =257 MeV)

Bunax *Py.z(b): transfer probability
o(N,Z) = Qw/ b Pn,z(b) db Particle-number projection for TDHF
bmin Correlated Gaussian for SMF

Production cross section for lighter fragments

® Expt

—— TDHF
—— SMF

2832364044 2832364044 2832364044 2832364044
NEUTRON NUMBER

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

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



Future works

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

=
v TDHF calculations were performed for 238U+232Th at 7.5 MeV/A (by A.W.) | &
v" TDRPA calculations were performed for 228U+238U and 2%8Ph+298pp (by K.S.) B \}
*Bars indicate a range of Z with ~10-* mb cross section | ‘
120 Aditya Wakhle
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summary

Microscopic thtory

Picture by Tumisu from Pixabay @@
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