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Voyage towards the limit of existence



The continent of stability -has:been welhexplored..

he G‘téja[t;yvéll bf’Cﬁjng_‘by Stacy Funderburke @shutters
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https://www.shutterstock.com/image-photo/great-wall-china-82945360

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

o o P To o Do D

AFl at HBStockk ABabgi f ul vi ew of s hi pGesr@aiStudias thage



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

/6 77 78 79 80 81 82
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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Fragmentation: TKurtukian-Nietoet al, PRG92014)024616



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

Production cross section for primary products in238J+24Cm

238 ) 248Cm

x’
Transcurium | | .Cm
Z>96

v
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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
> .
C N=126
C "
9 Z=50 o
2
a= - N=82
W e Neutron number

Recent advance OSCOpIC approaches 1or heawmon reactio at., Aug 0



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 equations

——V? o [p(r)] | ¢i(r) = i di(r)

2m

K. Sekizawa Lecture 2: Recent advances in microscopic approaches for heawon reactions Sat., Aug. 7, 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 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 equations ﬁ
. (9¢ ; (7‘, t) 52 /'/ A 7,
1h- Zat — _%VQ + Vg [p(’r, t)] (bi(r, t) : = ///
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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 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 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

Stochastic extensions




by Physics Fun @hysicsVideo on Twitter

Complex
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‘reaction outcomes




] ] 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

(Tennessee Tech

TDDFT

V In the small fluctuation limit, SMF approach
analytically reproduces the TDRPA formula

0 P14 . Stochasticity in the density matrix

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



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,
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2
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*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 )
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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

ScECR
FoRFON, ECR
RILAC ~_1)

Rare RI mass ring

&~ RiSpinLab<__ 7 =" samural
2}‘“-”

-~ " T e ; zosg
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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!

I

IYPT 2019
CLOSING CEREMONY

Dec. 5, 2019@Tokyo Prince Hotel



IYPT2019 Special Tie
of the Elements

How special ?

(4 new elements)

GINZA TAYA,Tokyo & Kohei Tamao

-« VISIT OUR WEBSITE



Bismuth Zinc Fusion! Nihonium

A long way to synthesize Sl »
Nihonium G o

Atomic No. 83 Atomic No. 30 Atomic No. 113

Sep. 2003 |-->~100 days irradiation->~100 days irradiation-> ~360 days irradiation

expt. starteo
P July 23, 2004 April 2, 2005 Aug. 12, 2012
~2.4 107 The 1st event! The 2nd event! The 3rd event!
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Half-lives 28Cm + 8Ca
y Hot fusion
298pp + "7
Cold fusion N

Transuranium
Elements

Superheavy 184
Elements

Stable
Elements
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-
-
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= B -4 a2 =] a
140 150 160 170 180 190

Neutron number
Yuri OganessianPure Appl. Chem/8, 889 (2006)




The north-east part of the nuclearrmap

We do need theoreticabpredictions!

Z =119, 120, ...

HOL TUSIOr

."\4 1 . w"‘ -
108 oot ﬂ-’gp_‘;ht-lomnducé%
6 3
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Neutron capture

Bh. {pommdb"
comtynent
126 142 148 162

neutron number 184



The nextis: 119 ot20

TDDFT simulation for SHE synthesis
on asupercomputer

SIV/+245CmY 1197

Collaborative works are in progress with Kyoto Kindai U., and Kyushu U
cf. K.S. and K. Hagino, Phys. Rev.90, 051602(R) (2019



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

V The rare process of CN formation
can not be described in TDDFT

Quasifission

@@

OER " Wasary * Ocap * PenN
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K.S. and K. Hagino, Phys. Rev.98, 051602(R) (2019
Rapid Comm. with

TDDFT + Langevin approach: Idea

KouichiHagino
(Kyoto U.)

Input: Distance of closest approac¢h

We use fusionby-diffusion model to describe

U Analytical formula can be derived: t he -hhtulpl di ffusiono o
Fusion-by-diffusion model:

WJ.$ wi NiKeSiwekWi | cz,y GBsrkdr J .
Acta Phys. Pol. B4(2003)2049; PRZ1(2005)014602
K. Hagino, PR®8(2018)014607




