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Search of nucleil: current understandings
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@ 2. Mass-model dependency: n-rich nuclei 5>

. n-drip of
Mass value is subtracted by WB2o12. wB
1304 130,, 130

Ba Xe Te \ /

/W—IWWB2012 (MeV)

Z<- 62 60 58 56 54 52 50 48 46 44 42 IMises mrarip of
68 70 72 74 76 78 80 82 84 86 88N ->

195Pt

Z <- 86 84 82 80 /8 76 74 72 70 68 66 64 62
109111 113115117119121123125127129131133 N ->

. In old-type mass formulae (-1988), mass values extremely diverge in the
very neutron-rich region

(
100
N80
()
o)
60
Z
c
240
e
o
20
oL :
O 20 40 60 80| 100 120 140 160
Neutron Number N
1010'—‘1H Anders&Grevesse89 -o- R-process only -
° © R-dom/|with small s||
5 & R-S comparative
10 = -o- S-process only
S | o \ o S-dom| with small r |
= c| oo ~&- P-process only |
.J_I) 107 3 :‘, \‘ <& p-r-s cpmparative
= — i e e Other 1
@ 4| SV, 8
S 10° [ ve et et
E 10°rs
o )
S 10 e
S A
c Dy
5 10° ?
107 F Gt \-
_t Solar abundance
10 0O 20 40 60 80 100 120 140 160 180 200 220 240
\_ Mass number A Y,




I

@2» Mass-model dependency: n-rich nuclei @%
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@ Spherical-Basis (KTUY) mass formula (2005) AR
M(Z, IV)=M9I‘OSS(Z’ I\I)+Meo(z’ I\I)+Mshe||(z! IV) H. Koura,T. Tachibana, M. Uno, M.

Yamada, PTP113 (2005)
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e Deformation, fission barrier is obtained /_m \
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Neutron-number density (Nn) and temperature (Tg) are constants

(n,Y)-(Y,n) equilibrium is established over an irradiation time T
Ny Tg,T: chosen to reproduce the abundance peak at A=130 (obs.)
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Strength function of beta-decay
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i 3.
MQ(E)\2:/maXD(E,e)W(E,e)—de 4. Fermi-gas level density
(discrete treatment on the
surface level))
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D(E,€) :one particle strength function
dny : level density
de

K. Takahashi et al., PTP 41 (1969)—Concept
S. Koyama et al., PTP 44 (1970)—dni1/d e
K. Takahashi et al., ADNDT 12 (1973)—>GT1

T. Kondoh et al., PTP 74 (1985)—BCS UV-factor

T. Tachibana et al.. PTP 84 (1990)—D(E, )

Cachibana et al., Proc. ENAM95 (1995)—>GT2
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14 H.K.,S. Chiba, Energy Procedia 71, 228 (2015)



IR

N

painseaw Amae

I -

T

] | |

paJinseaw AMaN

] lllllll|

lll|

| lllllll|

painseaw AjMaN

| L1 llll|

(-2008)

exp

(2011, Nishimura)
m——— KTUY+Gross th.
——-— FRDM+QRPA

|z=37

] lllllll|

painseaw AMoN—

] lllllll|

Z
O

Y
| |z=39

SN

| lllllll|
I IIIIII[:I; III|

anseaw AmapN | L

/=41

| | | | | I |

| lllllll|

painseaw AMoaN 1 [

L1l

|

/=43

L LT

58 60 62 64

62 64 66 68

66 68 70

Neutron number N

68 70 72 74

Half-lives




@ |

BARER DK

|'|'

FRER (TN TWVSH)

/=508 KONl

N=82%ZIEICFN&L D L THERBEANT NS

d | Red: KTUY+GT2
1 Blue : FRDM+QRPA
1 @, : experiment

] Gross theory: Steep

changes in the

N

Dry:

Number of neurtons N

=82

(&)

duces experimental trends here.

23 |||||||||||||||\|l|\||||||||||||||||LFV||||||||||
1 ] A 126 134Cd_ ! 120129, |
8i ] = 1lE '
i
—_~ 4_
w -
o
= 7
Q@
T 01 .
% 6
4_
® Lorusso
) A Previous
— FRDM+QRPA : :
= KTUY+GT2
OO1|||||||||||||||i||||| ||||||i||||
el =l et e T 1]
Sn In Cd Pd
| 151t — = — - —
3 10
2 | _
S
] 5F milm - - -
| — FRDM
‘ | Sl LA VI || FRSOE SPRNEPTON{| FEIE SO | TR S SN 1| [ /AP B AP
] 84 86889092 |78 808284 86 88[76 78 80 82 84 86|76 78 80 82 84 86[72 74 76 78 80 82 84
4= alln \_;— 91T ]
2+ R_ E%_ K & N 82TQB75 /L;\
0.01I|I|I|I|I|II|I|I|I|I|I|I|I|I|I|I |I|I|I|I|I|
7072747678 | 6870727476 6668707274 76|64 6668707274
N\
(QfEE D

14 F7E W)

- K EHER TIEQg
ICHFEBEINE

CTHYB

[CHEIG U T HRERDY L

Y. U UEREIFZST




AN T DARA—E  BIEBRNETERAIE

131

— — —

P

N

132

49lN83
2d3/2(+)

1?11/2 -)
S1/2 -_Il:;—o—n—

2ds/2
1g7/2(+)

Qp=13.58
MeV

3

|

—0—8— 2D

N P

:Single-particle levels of the ground-stat

2p1/2(-)

~

/2(-)

/]

| IIIIII|>

- 132
49lns3

Proton number Z

80

60

40

20

78 80 82 84 86 88
Red : KTUY+GTZ2

1Log(T1/2tn/T1/2exp)| g 4

Discrepancy of half-lives LT Blue : FRDM+QRPA
| (log scale) v . o e o — .

1) P BEEREBOE—RAFEMUT/NY T 1D
- (@“ g Z(+—- or -—+) LTW3
) »

QI/, | | | ‘\GTZ (Tach‘ibana, origi‘nal)\

0 20 40 60 80 100 120 140 ‘| 7

Neutron number N

HK, S. Chiba PRC9S, 064304 (2017)



1
©
Qo
|_
o
= 041
T 8
I

E;:I|I|I|
Sn

= [134-139

[ | [ ] [ | [ | [
128-137
In

]

UL |\\\\| ITT D s
\\\\\
W

IIIIIII|>

EIETE[ T

126-134
Cd

[ | [ | [ ] [ | [
124-132
Ag

bllllll

\\\\\\\\\(W

B
= o>

) ||||||

FT T T

aw

JHILL
Drmm/w// i

- [120-129

Red : KTUY+GTZ2

Pd

Blue : FRDM+QRPA
RED : KTUY+GT2’
Spin-Parity

\
S
Lo eend

® Lorusso(2015) 5}5::::
Previous E::%%

""""" FRDM+QRPA | £ 7,2 ] e 41k

IIIIIIII KTUY+GT2 |~ %] : ; 3, P2

- KTUY+GT2 z =

0.01 .-.'-S.P....Il Illlllllli I|I|I|I|I Illllll‘lfJ; Illlllllll?////
8486889092 (78808284 868876 78 80 8284 8676 78 80 82 84 86|72 74 76 78 80 82 84
| [ | [ | [ | [ | ///Jf’///l | [ | [ | [ | I [ | [ | [ | [ | [ [ [ | [ | [ | [ | [
112-121 Z 109-118 107-115 = 106-112
Tc Mo Nb Zr
1 g ] = = o W{t
ok ] 1% . ] j:D (lj— % /p\/%&fd\ﬂ

. ] ] 1\ ] S 2273 M oo A AL Sep
2] | | | EA 2 ] N — —_— N
= F 75\%*/@ >EERFREAZ £ <
= . & i =\~ }
o = ==
= 01 A 115
©
I

Z
7, AN

[T I e

/)
I|I|I|I|I

S \
S aa
Q
S i

7072747678

6870727476

66 68 707274 76

64 66 68 70 72 74

Neutron number Z

18

HK, S. Chiba PRC9S, 064304 (2017)



@ N=z:F

— BABIE Tl&

BB

L B D AERIDVFRLLL

P

N=z::1 : BED#AIH one mejor shelld 15 @ >
—’BH}%E@T‘ FEIEERBIC

Single neutron energy (MeV)

N=Z#%

(IR1ERY)

0 HBEBORHIEDENSH

3d
|||||||| —/ 3/2
........ —___Asm
........ — 3ds

ST —§1J:15/2

1it1/2

5 2Jor2
~ 126

_/3p1/2

. /2f5,2

P = 3psp

——Ti130

10 b

........ ——-1hgp

3S1/2

_ 1 5 —/2d3/2

hitF

164Ph(Z=82,N=82)

. ( J S—

> e

[

\2_, Movenens

= .

9 | meeenes

2 -5

@

-

-9 L

O ...

5 [

Qo o

o-10 =

£ B

n iexp.)
-15

—2f7

——2d52

5T

(B —Oy ThaTND)

Single neutron energy (MeV)

5 {88 22 1 G EOR G
BERIEL E % D
ERRR > RUEY:
ERRERLT-ZIEBRICEDNE | e 0 +
B (Gamow-Teller) 0,+1 +
¥ 1ARIEER 0,+1,+2 -
% on HILER +n,+(n+1) (=)
O O OM1/2
[ —— R4~ . ~3pg2
I :/3131/2 % o ~2fse BT PETFOBE—RTEMNR LS ZDBBIC
T T S b i, (N=ZfHED (BW) BEFZIEHRI D/ —)
I \1i11/2 ; e 2712
-5 B 29012 9 ey ——1hgo
ClE:
i 3P1/2 Clc) —
_. ....... 2f5/2 o I
e
S T—3p O o 354
L . 5_ ........ ——2d3p e \ o
........ —Thae () [ ceeeeens ———1hyyp N=Z_6\ Lj: I:ltl:/ ¥ %73\1
-10 = —2fe 510 &= ——-2ds2
........ ——-1h — .
B - T N>Z. £1%Lone mejor shell
N A exp. 1072
B » =PAN 73 ZE
| 82 B '§_ n % i’%_ ntl: A #‘?7
_______ 4 e o
- - UDﬁJﬁb’IEb\ﬁZé
_1 5 —2dgp -1 5

HEF BT

208Pp(Z=82,N=126)




5>
@ N=126fEDERFE—HF : ELDIANYFVT @x

BFEA (N=126(d[E ) D

( 208Pp (BLEX) ) 200\ (FREF-2EH)) 192Dy (FRPEFaEE)
QelEZENIFERE <L Qg K

TEX 5 F3s1/2(+) & FIMEF3p1/2(-)

0 0 0
— | | | ' — | | | | | | |
208

> Ll pp | [Neuton] | > | 200, 1 o 2l %y | [126] %)
= 26, (P)— (82,126) = (74,126) 3py2 (n) > (66,126) P
Q -4 il n9/2 (p)_— 3p1/2 (n)_ Q '4 — of ( ) 126 Of (n)_ g -4 I / <—3p3/2 (n)
G>J 82 126 G>J (A 52 % 6L =Tz ()|
K -6 3s2 (p) 25N @ 6 _1h of ‘“3P3’2 (N & 2, (M) /- 2f7/2 (n)
% -8 2d3/2 (p) — ———————=~—3p3, (n) % 81— P 82 / ::1 1372 (n)_ 2 8 - 1hg;p (n)= / 1h9,2 ()]
= hyir2 (p) ~ti., () =] 38172 () ~_2f2 (N) £ 10 <35, (N
g -10 2d5/2 ()~ —\2}3/2(n)- 8 -10 20, O /@ s o L35 (& 82 )
L 40 | 1972 (P)— mE o 12 | 1hq12 (P) 1 2 2d3, () 2

wn -1 4 — |—|.._3S1,2 (n)— 1)) -1 4 —1 9712 (p)"l | | ] -16 = g:i E:;‘ (forbidden trnas. are not shown)_|

as odd-A nucleus
as odd-A nucleus as odd-A nucleus

\ FRBEZOHEAEHLEDLIF _ \
=] il <y = E W\% % PN il 5
5 & A% F Tone major shelldd'h L A EBEL RN FRBRODHEAGDLEIER

BFEMNTLD (F—AOvT

a-decay dominant T ! T ailz
140 H p-decay dom. R gt
7=126 SF dol om. i i i . \
B p-emission dom. - aep et N AR
1202114 | — Pproton-gri | )I/#_b\\— 7’—— 7’—— @)
rip line o

N by KTUY formula H - B ;i’\ /’F& j /o
g 100 W p-stable nuclei e, 10
£ by KTUY formula = -4 ~ 1 W W
2 = 0O ki 1.2000)| -=..= py iy ~
2 ol nown nucl.(. __) s 3 I:FI IE I ﬁ—lﬁ{_l_\ 75\.J:7b\ D (j(\j-%_\l *

g \ SRS
E 5 SIBEBNTBEE RS
S < < —
< 6o ) o 2 7I~ = 57 o )l/ o
] Z=50 Pb| o —
< an example of | -12 3

8 1 ..;C

EMUDA—HDFEEHINTWS

N=126

-16
-18
N=28 | N=50 N=82 N=184
L
20 40 60 80 100 120 140 160 180 200 220 24 ;(
Neutron number N /<

20 H.Koura, JAEA-Review 2010-056 , p.84 (2010))



@»

BEIREBROAL Y

AR &N =% )

2B =RN—4~ IR
(BRz B8 —RIF2EL)

Y.

R

Energy [MeV]
Lo

Z=126

/=114

Proton number Z

Spherical W-S pot.
H. Koura et al., NPA 671 (2000)

N=82

& _*
b 1008 I~
O EGOLRRE »

N=126

¥iidqa.1

ATATA A

-

14449
Pbbgg >»

N=184

IBBBHAETE, &R2RMEELRET DO
threshold of a>=0.05

(ﬂ(ﬁ/’f? 17':7 EU —C)

N=228

KTUY
O [-stability
B Stability
® Allowed
Ist
v 2nd
A 3rd
A 4th
v 5th
< 6th
X Tth
+ 8th
N=308

- N=Z{t¥TldAllowed transition (o) D%
- R FIEFIN=126FT 1T

(IZPR 5 I R

Neutron number N

(472 < & Hone major shell T113%)

el

A1) |

21

(FBLDEMICEL 2D THDEKHR)
SREIEEBZDEZRT

F. Endo, HK, PRC 99 034303 (2019)

) =RN=WNES



@»

ERIRRE (IC H R IEEBR N FE LR LWKED 7

o

&

(ﬁ 2= —M?Eu)

B ATAE %b*@inm\ EEW@;’?E@%
7=126
/=114
208
Pb 2
N
—
O
g Spherical nuclei from KTUY formula
= || Z=82
é @ [] B-stable nuclei from KTUY formula
8
£ Predicted as existed (KTUYO5)
Z=50 Bl Stable or long-lived nuclei
O Nuclei without allowed transition and
7-98 Lk g-g transition is odd-forbidden transition
7290 : threshold of a2=0.05 ® Nuclei without allowed transition and
WS (ﬂ{ﬁﬂl‘;’— 175 U _C) g-g transition is even-forbidden transition
A IN=28]  [N=s0 N=82 N=126 N-184 N=228 N=308
Neutron number N
FIRIRREEX TER T D&, BILBENTEICHDIDIT "REZKOEDOHEFERIZE, < 2EH

o3 lin 124

(%588 1E & Nilsson#h B PE

SEENEMHYE] D A

22

¢

EBLENGED)

F. Endo, HK, PRC 99 034303 (2019)



@»

it FiHEMNIEE - HFEE & Direct semi-directiEdy

-0—@

Gamma-ray

13 Emission
¢

/ Capture

Compound Nucleus

~E L
Ga y oftion

(Inverse) Photo Reaction

Bl Direct/Semidirect Nucleon Capture Model

Direct Capture

.\

@ Electric dipole radiation transition from optical
potential to single-particle state

® Amplitude

Ty = Cg(Rplr|Rry)

Semidirect (Collective) Capture

® Excite GDR, and decay into single-particle state
@ Vibration-particle coupling, V1 h(r)
® Amplitude

Ts = Cs(Rpyj|Vih(r)|RL )

|Mgpr|?
Ey — Egpr+ il gpr/2

T. Kawano

I | | | | | | | | | | | | | | | |
- B (n,y) cross sections of Sn isotopes
—_ 101 = \D‘\EL at 30 keV =
Q - T o =
£ - "N DSDA'EELHE ]

- \ o Y By i BVAN
S 100 = \ (HFZ 1T TIEARt+5) =
5 - \ ‘L -
G) - —
7)) - .
$ 10 E —e— DSD =
8 = o HF b -
- X Rauscher et al. AN .
1 0_2 =3 o =~ o =
e N AN NN NN T (NN NN N AN NN (NN MNNN NN NN M N N

125 130 T 135
A 1323n

S.Chiba, H. Koura, T. Hayakawa, T, Kawano et al., PRC77 015809 (2008)

o B —H FHE(T 5+ E [Emodified WS pot (Koura, Yamada, 2000)) & D

i BB O

MKRELG B,

H 4 TS

FEHREEI TCOMERE K D DSD TOMERE

~

W,




@ ;I;g,z/ \NFZU A

113,115117,118 — —

o= (Nh Og) (ZiR=9 L E) BEXDOLZEMEDE,
a-decay dominant ' I;EI : g %7‘@_% % \\ T g
140 - p-decay dom. t fd\ %)7'@7-*% j (% ) 7,-_) »

H
Z=126 . SF dom. ;;;;;;;;;;;;;;;;
B p-emission dom. ‘ = . : g}
— Proton-drip line I::I'I‘é? ,ﬁ— }.7)\—75\ > CL) %)

N

1207114

- o KrUY formmeta [T T
E 100 B (-stable nuclei '
= by KTUY formula . -4 ‘I%j;l:l X V= Too
a known nucl. (2000) .- B . c-|7>-| rl_ = = 0) %glﬁﬁ 0) -I j-IJ cj:
| e — g S\ I 2 _ .
: BEROKMES) O
< - ol
— 60 = .—'—.
5 | f 107§ W & B lC Bk
= =N
= 107 B
40 &
LS i B 10"
| N=28 §N=5o; ‘ N=82 N=126; N=184. 107°
I | | | | | | |

20 40 60 80 100 120 140 160 180 200 220 240
Neutron Aumber N

PEFERZD B HREIKRFZYE. RFFYEICEWTEER

H. K. et al, PTP 113, 305 (2005), H.K et al., B. Phys.Soc. Jpn. 60, 717 (2005)




@ @« ™\ @'?
Region of beta-delayed and neutron-induced fission

Nuclear masses and fission barrier:
KTUY (Koura-Tachibana-Uno-Yamada) mass formula
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Potential Energy Surface (PES)

Liquid-drop model + Two-center shell model

l Code:Yamaji-lwamoto (70)

PES: 3-dim. deformation parameter space
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{ = 33 +266 , R : Radius of the spherical compound nucleus }
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Path of fragments in the 3-dim. deformation space
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Atomic number

Atomic number

Result - Asymmetric parameter
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Fission barrier helght of KTUY
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Fission barrier height: ) €=
Comparison with other models
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Results: Beta-delayed fission probabilities P
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Results: Beta-delayed fission probabilities P
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