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Voyage towards the limit of existence



The continent of stability -has:been welhexplored..
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Now we are saliling towards the edge of the nuclear landscape..

Stable nuclei: 288
Experiment. ~3300
Theory: ~700610000

drip lines

shell structure
deformation

skin, halo

nuclear matter properties

nucleosynthesis
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How can we create yeinknown neutrofrich nuclei?

Theory: ~7,000
Expt.. ~3,300

New magic numbers?
Impact on fprocess?

Heaviest element?

Island of stability?

80 120 160 200
Neutronnumber
M. ThoennesserRep. Prog. Phy§6, 056301 (2013



Multinucleon transfer (MNT) and quaBssion (QF) may be useful

Production cross section folN=126 isotones irt36Xe+2%pPp

10t ¢
10° ¢
—~ 10} MNT: 136X e+208Ppy
g 02? (Langevin calc.)
=< 103
104k __ Fragmentation (Expt.)
208Pp (1GeVA) +Be
10°F 0/’
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Proton number

Langevin: V.I.Zagrebaewand W. Greiner, PR&3(2011)044618
Fragmentation: TKurtukian-Nietoet al, PRG92014)024616



Multinucleon transfer (MNT) and quaBssion (QF) may be useful

Production cross section foN=126 isotones ir}36Xe+198pt

Y.X. Watanabeet al, PRL1152015)172503
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Multinucleon transfer (MNT) and quaBssion (QF) may be useful

Production cross section for primary products in238J+24Cm

238 ) 248Cm
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Transcurium | | .Cm
Z>96
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Mass number
Langevin calculation by: V.Zagrebaewand W. Greiner, PR&7(2013)034608



Let 06s see how TDDFT w



For reviews,see JW. Negele,Rev. Mod. Phys 54, 913 (1982); C. Simene] Eur. Phys J. A 48, 152 (2012; T.
o . Nakatsukasatal., Rev. Mod. Phys 88, 045004(2016); C. SimenelandA.S. Umar,Prog Part Nucl. Phys 103 19
NTDH Fpast and presen (2018; P.D. StevensorandM.C. Barton,Prog Part Nucl. Phys 104, 142(2019; K.S., Front Phys 7, 20 (2019

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

=040 X 1078

84Kr+20Bj, E,,,= 850 MeV 239+238, E,,= 900 MeV
K.T.R. Davis, K.R.S. Devi, and M.R. Strayer, PRI1980)23 C. Golabekand C.Simene] PRL1032009)042701



Remarks on TDDFT (or TDHF, TDEDF)

V There Is no adjustable parameter on reaction dynamics

Parameters in an EDF are determined to reproduce known nuclear properties

h : 0 SRS b Effective interaction
5= [ (NS00 gglon0) ~(E10)
'
zhad)i (gjq’ ) = hlp(t)|di(roq,t) : TDKS eq.

: ‘.#’
Q Z=82 *: J i ..
£ i
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C N=126
C "
9 Z=50 o
2
a= - N=82
W e Neutron number



How to describe h@avgactions

Once an EDF is given, there are no empirical parameters

1. Prepare ground states of projectile and target nuclei

KS (or HF) equations

——V? o [p(r)] | ¢i(r) = i di(r)

2m

K. Sekizawa Lecture 2: TDHF and extended approaches for low-energy heavyion reactions Thu., Nov. 18, 2021



How to describe h@avgactions

Once an EDF is given, there are no empirical parameters

1. Prepare ground states of projectile and target nuclei

KS (or HF) equations

[‘h—vz + vs ()] [ $i(r) = =i di(r)

2m

4

\,
/
L/ ‘

3. Give relative momentum, and let them coIIi(A,

2. Put them into a larger box

TDKS (or TDHF) equations ﬁ
(9% (7‘, t) 52 /'/ A 7,
h ot — | %vz T Uk [p(?”, t)] (bi(r? t) i - //,/
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1. Multinucleon transfer reactions



>Ni+29Pb atE;,=328.4 MeV K.S. and K. Yabana, PREB(2013)014614

TDDFT predicts two distinct transfer mechanisms

b=1.6 fm b=4 fm

Neck formation/breaking Fast charge equilibration

°© O°



TDDFT results: 58Ni+2%Pp (E,,=328.4 MeV) K.S. and K. Yabana, PF8B(2013)014614

Average number of transferred nucle@ssmpact parameter

There appear two transfer mechanisms

10
Neutrons—e—

Protons:--@--
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TDDFT results: 58Ni+2%Pp (E,,=328.4 MeV) K.S. and K. Yabana, PRE&(2013)014614

Average number of transferred nucleessmpact parameter

There appear two transfer mechanisms
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TDDFT results: 58Ni+2%Pp (E,,=328.4 MeV) K.S. and K. Yabana, PRE&(2013)014614

Average number of transferred nucleessmpact parameter

There appear two transfer mechanisms

10 Charge equilibration process
8 Transfer towards opposite directions
6
< 4 b Ni
O) :
2 a
0 i
%) !

1 2 3 4 5 6 7 8 9 10
b (fm)
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TDDFT results: 58Ni+2%Pp (E,,=328.4 MeV) K.S. and K. Yabana, PF8B(2013)014614

Average number of transferred nucleessmpact parameter

There appear two transfer mechanisms
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TDDFT results: 58Ni+2%Pp (E,,=328.4 MeV) K.S. and K. Yabana, PF8B(2013)014614

Average number of transferred nucleessmpact parameter

There appear two transfer mechanisms

10
g Neck formation/breaking
6 Transfer towards the same direction
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TDDFT results: 58Ni+2%Pp (E,,=328.4 MeV) K.S. and K. Yabana, PF8B(2013)014614

Average number of transferred nucle@ssmpact parameter

There appear two transfer mechanisms

Neck formation/breaking Charge equilibration process

Transfer towards the same direction Transfer towards opposite directions

Pb

N
-
P

Small Impact parameter Large
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TDDFT results: 58Ni+2%Pp (E,,=328.4 MeV) K.S. and K. Yabana, PF8B(2013)014614

Particlenumber projection method

P, = (®|P,|®) @
R 1 27

P = — e!(m=Nv)0 g9 - Particlenumber projection operator
T Jo
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TDDFT results: 58Ni+2%Pp (E,,=328.4 MeV) K.S. and K. Yabana, PF8B(2013)014614

Particlenumber projection method

A V
P, = (®|P,|®)
. 1 2m ‘ R

P, =— e'n=Nv)? 19 - Particlenumber projection operator
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(TDDFT+GEMINI: K.S., PRO®6(2017)014615)

TDDFT results: 58Ni+2%%Pp (E,,,=328.4 Me\) K.S. and K. Yabana, PF8&(2013)014614

Transfer cross sections: TDDWN$. Expt.

Comparable to measurements, disagreements for-masigon transfer

o(N,Z) =2r /0 b P (b) PP (b) db

® Expt
TDDFT preevap.
------- TDDFT postevap.

1

2832364044 2832364044 2832364044 2832364044 2832364044 2832364044 28323640 44
Neutron number

Expt.:L. Corradiet al, PR@®G6(2002)024606
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2. Quasifission processes



Towards synthesis of superheavy nuclei

Quasifission process

A fast (~10°-102° sec) fission process before compound nucleus formation (fusion)

Capture
Fusion ¢/ *\, Quasifission

K N
@ @

OER ™ Wsurv * Ocap * PCN
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Towards synthesis of superheavy nuclei

Quasifission process

A fast (~10°-102° sec) fission process before compound nucleus formation (fusion)

Capture

V QF is the predominant
process that hinders
SHE synthesis

OER " Wasary * Ocap * PenN
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“Ni+3 atE,;=390 MeV K.S. and K. Yabana, PRI3(2016)054616

Quasifission dynamics in TDDFT

Tip collision Side collision

Shell effects 0f%Pb More masssymmetric

24 Neutrons

12 Pr O

32 Neutrons
18 P
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*Ni+23% atE;,,=390 MeV K.S. and K. Yabana, PRG(2016)054616

TDDFT provides quantitative description of quasifission dynamics

TKE-A distribution: Comparison with experimental data

TDDET ' Experiment

TKE (MeV)

1 | I I |
150 200 250

50 100 150 200 250
A A

Expt.: E.M. Kozulin et al, PLB6862010)227
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However, TDDFT can not properly describe
the distribution of observables

N

Inclusion of quantal fluctuations
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We put one stepiforward:along thisidirection:

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)

—_~

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




Theory: Variational principle oBalianandVénéroni

Vari ational space can be contro

4 )
U The actionlike quantity defined byalianandVeénéroni

J = Te[A(t)D(t)] — /tl Tr [/Zi(t) (% +ilH(1), f)(t)]ﬂ dt

to

D(t) : describes the state of the system
}i(t) . describes the evolution of the observable in the Heisenberg picture

R.Balianand M.Vénéronj Phys. Rev. Let47, 1353 (1981); Ann. Phy216, 351 (1992).
C. Simene] Phys. Rev. Lett106 112501 (2011); Eur. Phys. JA8, 152 (2012),

L

4 )
A Unrestricted variation (w.r.t. eitherA or D) - TDSE
A Slater determinant & onebody observable q TDHF
A Slater determinant & fluctuations of onébody observable TDRPA

\_ W,
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Numerical implementation of TDRPA for the mass width

Forward TDHF
0% = (N2) — (N)2 O

TDHF: (i, ~ 1.5
to Experiment: U, ~ 7.1 Initial state:t,

R. Balianand M.Vénéronj Phys. Rev. Letd7, 1353 (1981); Ann. Phy216, 351 (1992).
C. Simene] Phys. Rev. Lettl06, 112502 (2011); Eur. Phys. J48, 152 (2012).



Numerical implementation of TDRPA for the mass width

The Balian-Vénéroni prescription (TDRPA):

2 (t4 Tr{[p(to) — px (to,<)]?
0% (t1) = lim 1{[[)(0)—[)\(0)]}

2
e—0 o

Backward TDHF

After collision:t;

oh = (N?) — ()’

TDHF: C, ~ 1.5 W o€
t(] Experiment: U, ~ 7.1 Initial’ stateA,,
TDRPA: U,~7.5

R. Balianand M.Vénéronj Phys. Rev. Letd7, 1353 (1981); Ann. Phy216, 351 (1992).
C. Simene] Phys. Rev. Lettl06, 112502 (2011); Eur. Phys. J48, 152 (2012).



58,60\]i 4 60N|; _ . |
Ni+°Ni at E/Vp=1.4 E. Williams,K.S., D. Hindeet al, Phys. Rev. Lettl20, 022501 (2018

TDRPA quantitatively reproduced the experimental data

Width of the mass ratio distributioti,s: Expt. vs Theory

F = 1] r.7 T I r 1 T | L
- (a) —@— >°Ni+*'Ni (Expt.) - Maximum

| _ " o, (Expt.)
ONi+"Ni (TDRPA) | F MR

0.06 s —

» L
S 0.04 _

0.02 Detector Mass equilibration.was
TDHF(maX):‘: resolution | [ hi qd thi
0.013 _ - -1 i achieved within~-3-4 zs

N B TP B
0 : ) | 2 3 4

Contact time [zs]
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58,60\]i 4 60N|; _ . |
Ni+°Ni at E/Vp=1.4 E. Williams,K.S., D. Hindeet al, Phys. Rev. Lettl20, 022501 (2018

TDRPA quantitatively reproduced the experimental data

Width of the mass ratio distributioti,s: Expt. vs Theory

140 -1 F Maximum

g Full energyddissipationwa$ | Oy (EXpt)
130 aChieVed Withln“l.SZS MO L0 O OO O LU0 DO OH0 D U0 00 0 000 U0 D000 L0 OO0 0 000 U0 0 OO oL, 1000 0000000 OUCE 00 0od o000

120F *
110
100

TKE (MeV)

A A - Mass equilibration.was
90 - achieved within-3-4 zs

[ [ | " | 2 | 2 ]

| 2 3 4

Contact time (zs) Contact time [zs]

K. Sekizawa Lecture 2: TDHF and extended approaches for low-energy heavyion reactions Thu., Nov. 18, 2021



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

N

Stochastic extensions




] . S.Ayik, Phys. LettB658 174 (2008)
Stochastic Meaifrield (SMF) approach D. Lacroix and SAyik, Eur. Phys. J. A0, 95 (2014)

Observables arevaluated
by anensembleverage

SakirAyik ((A)* = (a)* = (Tx[op* 4])”
(Tennessee Tech

5,0?;3- — niéij

1
6py0ms = 5 [ni(1=nj) +n;(1 = ni)] ;o

0 P37 . Stochasticity in the density matrix
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SMF approach Quantal diffusion description

K.S. and SAyik, PRCL0Z2020)014620

The widths develop in time by nucleon exchanges through the window

*Drift and diffusion coefficients{ & D) are determined by TDH

Ni+*®Pb (E, , =256.8 MeV, b= 2.00 fm)

t= 0013zs; R=27.77fm, 6= 4.8°

8U%N-__ vy,

oy,

2
do ., vy o vy

-9 2 2" 52 2D
ot oN, NN T2y ONng T 2NN

do3 %) vy v 0
UNZ = 2 Vp U?VN‘l‘QLU%Z ‘I‘( v + Vp)O'JZVZ

ot ToN, A ON, 07,

]
- — OnN
I CEZZ




*INi+2%%PDb (€. ,=268 MeV) K.S. and SAyik, PRCLO22020)014620

The SMF approach predicts a much wider distribution

bimax *Py Ab): transfer probability
o(N,Z) = 27r[ b PN,z (b)db Particlenumber projection for TDHF
bmin Correlated Gaussian for SMF

Primary production cross sections forlighter fragments

100 ———————T——T1— 100 ————7——
L Jll.--:.,t -

25 @) (& 75

N 50 N 50

2512 TDHF | 2> SMF |
0 L l 1 1 I L I L 1 0 | 1 1 I 1 I 1 1
0 25 50 75 100125150 0 25 50 75 100125150

N N
PR (b) = .

2ronn (D)o zz(b)y/1 — p?(b)

[ N-N®)\ (z-z0)\ (NN (z-2z0)
‘{ 20— () K o (®) ) +( 0 ) ”f(”( T (0) )( 72200 )

U’NN(b)Uzz(b)

} p(b) _ UJZVZ(b)

K. Sekizawa Lecture 2: Recent advances in microscopic approaches for heawon reactions Sat., Aug. 7, 2021



1 | I T I | | 3
102E (7p:Re) (~6p: Os (SpIng  (4piPOL (3piAwl  (-2p: Hg (-1p; TI)

=N T i E
10 100 110 120 100 110 120 100 110 120 100 110 120 100 110 120 100 110 120 100 110 120 130

U? | i DY P Expt. ®

K.S. and SAyik, PRCL022020)014620
Secondary production cross sections for heavidragments

3L ; T
110 120 130 110 120 130 110 120 130 110 120 130 110 120 130 110 120 130 110 120 130 140
NEUTRON NUMBER

Expt.: W.Krolaset al, Nucl. Phys. A724, 289 (2010)



At the frontiers in nuclear physics:

3. Synthesis of superheavy elements

[ Halso relevant to



Nucleosynthesis at accelerator facilities Su_pefconducting Ring Cyclotron (SRC

Fusion!

The worldleading factory
of unstable nuclei!

RI Beam Factory (RIBF) @RIKEN
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Period

The periodic table isgrowing!

Synthesis of Asuperheavy el emento is the

. . 18
The Periodic Table s
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Elenenb & Country of Disrcovery

usa (.um.v wndm f.uu ga  Au uu
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Nihonium is the only one
.| discovered by Asian country:

The element 113

B rmamm

T

,,,,,,,,,
.......

Nov. 30, 2016: Name confirmed
June 8, 2016: Name announced
Dec. 31, 2015: Naming rights given



2019 was the 150tanniversary of
the Periodic Table!
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IYPT 2019
CLOSING CEREMONY

Dec. 5, 2019@Tokyo Prince Hotel
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