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How iIs the limit of elements?

Chemistry
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P. Pyykko presented a more improved table.
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How far does the area of nuclel extend?
-some qualitative estimations-

Frroading i i

Fig. 1. The periodic system of elements as conceived by the Frankfurt school in the hbimris) i
late sixties. The islands of superheavy elements (Z = 114, N = 184, 196 and Z = 164,
N::_“B} are shown as dark hatched areas. Fegure 7.1 CalCalaied catcm of 1he i aperhegyy elerments, V. ard dupees
tpeiheavy Elemeianils, 16, i@ the fodlehs Rt The fspure was taken from
Lecture Notes in Physics 581, .3&7 (Greiner) 2001 SoICTI (P
also In talks of Kratz gn Greiner

On Beyond Uranium, p.66 (S, Hofmann) 2002.
Figure was taken from Sobiczewski (1974)

— Some gualitative estimation were studied, but rather

quantitative estimation are required.
P \/\/& estimate decay modes by using the KTUY mass formula.
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@»  ( KOTYKTOYmassT a®

( Koura Uno, Tachibana, Yamada, (00), KTUY(05 .‘Ij’fﬂ 13.305)

Mass table

M(/ =M 7 +M (/7 +E (/ (ZN>1, Z<131,N<201) :
( ? N) gI’OSS( ? N) 60( ? N) Sh( ? M available from the web site of
Nuclear Data Center of JAEA

M (Z, N): Gross term
gross 1/3

2
expansion term including |N-Z|, (N-Z) + Coulomb term
E h(Z, N): Shell term
S

Spherical nuclei: Calculate from a modified Woods-Saxon potential (a
function of Z, N) (NPA671(00)96)

Spherical state of All nuclei are obtained.

Deformed nuclei: Mixing weight of the above spherical shell energies
weight : determined by shapes of nuclei (NPA674(00)47)

Fsn(Z,N) =) (< EX"(Z,N) >aet. +AEs(Z,N) — AEc(Z,N) — AEpo(Z,N))
def. Micro Surface Coulomb
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@ Results of the KTUY mass formuld &%

1- Nuclear shell energies Esn(Z, N) 3 .00l mass differences 3 2400 — =t WB |
r " RMS dev.=666.7 keV for Audi-Wapstra-Thibaulto3 2900 E 2H FBC S |
Z=1147 ' N8 2000 .jIF(E?"\Y/I I
1Z°°” 4 g <1800 | 652.8 keV | BsKTUY |
L [Zos2 - § @1600 | 1316.2 keV |
% - § . %1400 o [3TetkeV
ESO'Z=50 ' o 20l 3.0 20 -1.0 0.0 1.0 20 3.0 = 1200 — |
» .’ e Mthis work - Mexpo3 (MeV) S :1000 - .
- | 20 40 60 80 100 120 140 () 800 —f2 Lo
- - — - - ? . Neutron number N : 34 E
e e e R| [ Difference between calc. and exp. AR [ TEE B
Neutron number N . . 400 — : 4
masses for 2219 nuclei (Z, N=2) o NAIIE
I 1T ™. — : ]
-5 -0 S 0 0 :
Nuclear shell erf@'f"@iye“ f]__Nuc|ear shell energy ) 1 neutron
2 neutron
2 Deformation parameter alpha2 of KUTY 2.Nuclear Shape . Mass Sep_ energy
"ol 3.better mass-reproduction
N o = " || 4.change of magicities in n-rich .RMlsog/lebV't‘;roTheXp't?ass
T i i~ - I E ~ obetter than other
8 5.Reproduction of n-drip line :
£ 80 4 1 6 et P P mass models in Sy, Son,...
£ 6o a1 \D.€tcC. Y,
= 40
& . 4 30 — ,
20 KTUYO05
1 I 1 l 1 l 1 l 1 l 1 l 1 l 1 l 1 l 1
20 40 60 80 100120140160180200 S 20 - %
Neutron number N § B E
=10 / c
_| I | I | 13- 0 y A@ { ,(; :// * 4 168 S =-0.04
02 -01 -00 01 02 VALE 57 = - {50 o8 _ g
' = R 16 20\ 24 28 e TUOTURI... cou TSI -
Deformation paﬂﬁ}tﬁ%ter<2 (N=/16) mé('klzsz) ‘(>l=58) 4 fla 1|2 1|6 2|o 2|4 2|8 3|2 3|6 40

((4 and (¢ are also obtained ) N=14,20,28,50 gap -> decreasing || N-drip line in the Tight region
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Reproduction of the KTUY model
RMS deviation from experimental data in
\/
Mass formulas | Mass |[Neutron Protonl’<e Y Alpha Beta
Sh Sp Qa Qa>0 Qp Q->0 Qec>0
(n. of data) | (2149) | (1988) | (1948) | (1974) (1860) |(1860) (785)  (1073)
KTUY 653 316 353 ol7 494 449 520 389
FRDM 656 399 395 612 584 491 568 424
HBF2 659 470 490 550 521 581 636 241
HFBS8 640 564 593 683 641 696 740 660
EXp. data: AMEZ2003 by Audi et
al.

® KTUY gives Smallest RMS dev. from exp.

derivatives of masses by 10-20%



(IE%-decay Q-values from GSI| and RIKEN @z

234 2177 271 275
related to Bk Cn Ds ( cn )

| T T | T T
-o-RIKEN(02) -0-RIKEN1(04) -o-RIKEN(03)
11— 8- GSI B - 2(04) =-GSI(98)
6) = 2(00) 11)
10 - 1) [T --KTUY 19)
. -8-FRDM 11 11) | 11l -AHFBCS - |
2 2 HFBCS' 2 HFBs
< = 12) ==
3 HFBS8 | | _
o 10 i
9 - 9 B
Y | odd A | | oddAl
I I I I | I I | | I [ I

128 180 132 134 136 138 N 155 157 159 161 163 165N 153 155 157 159 161 163 N
(86) (88) (90) (92) (94) (96) 07 (Z) (102) (104) (106) (108) (110) (112)Z (102) (104) (106) (108) (110) (112)Z

““Rn 2"Ra ***Th **°y %y 2%%Cm 2570 2'RE 265Sg 2695 273pg 277[112] 256N 259R¢ 263Sg 2671 271Dg
234Bk
Experiment: Experiment: Experiment:
smoothness steep at N= 162, smoothness

flat at N~ 164

KTUY: smooth property, but deformed shell is not clear
*All predictions are calculated as ground-to-ground-state



@ (Estimation of nuclear decay modes) &¥’

Sensitivity
® Alpha-decay

N Q-values from masses

é/‘l

® Beta-decay

- . | Single-particl tential
® Proton emission = 1 >NdiePatitie porentia

. Potential energy surface+
¢ Spontaneous fission— penetration probability
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Alpha and beta decay half lives

Alpha decay: phenomenological
relation between Qq and Taq1/2.:

log, Ta(s) = 1.?1951?;" ’1‘4 ‘2z, {4/ Qa(MeV)

L. 3'%][311,? A -"RE[J

: n.umatsb.":%ﬁ”” {257 Qa(MeV)
log,, N — 0.1591754 hgde.
R = TOA%)/?) +dy, 7o = 1.08 fm.

* RMS dev.: 1/10~10 times in
partial half-lives if exp. Q-values
are adopted.

* Uncertainty of estimated Qq IS
~500 keV. Typically, shift of 300
keV gives a change of T12in one
order of magnitude in the
superheavy mass region.

* Totally Uncertainty of 10-3-10° in

Ta1/2

Beta decay: the Gross theory of beta
deocay \p + Agr + A + A% 4 AP

54

m 0
Ar = T g2 f | Mp(E)|*f(—E)dE

937 :Fermi (allowed)

)\(2) mec

o 357 |9A|2f Z |sz | fl )dE :1st forbidden

€max dn 1

D(E E)W(E E)d—dl
Gémf)artlcle strength functlon

Ma(E)] .=
D(E,¢) O

=i
. B wm
i W
Uil
1 '!- |
| |

A

i
o M, (EQ
B 6:8 i MMM K OBIIE

*Consider sum rules of beta-decay
*Not only allowed but also forbidden
transition is treated:

°Averaged even-odd effect is




@ ( Spontaneous Fission half-lives ) &%

Saddle point] -

N

-0.05

0.10 \
0.05 é '
0.00 \ > 3|Eission

-0.10 1 1 ! | f 1 1 | ]
-0.20 -0.10 / -0.00 0.10 0.20 0.30 \0.40

Deformation ‘04

Deformation 92

T T [

6 -4 -2 0 2 4 6 8

é—nérély ZM e\'})- V)

[Saddle point

iIG round-state

Potential energy surface

on the KTUY mass

Proton number Z

Z78[113]165

Decay chains terminate
by fission.

|

170
Neutron number N o _
Fission barrier

W T T T T I.Sheights (MeV)

01 2 3 4 5 6 7
e SF-dominant region exists (N=170)
(in agreement with measured data)

Spontaneous fission half-lives: Penetration probability is calculated

with 1-dim. WKB method (mass inertia is adjustable parameter)
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Proton number 27 Proton number 22

Proton number Z7

120 ¢

110K/ ¢

T g T

100 |28

130

120

110

100 f==

130

120

100

110

130 140 150 160 170 180 190 200 210 220 230 240

| 1 /ﬂJ/\f

L L 1 L L L L L |
130 140 150 160 170 180 -190 200 210 220 230 240
Neutron number N

201510505101520 12
log10(Talpha/(s))

@f‘é‘)

( Estimation of Partial half lives )

explained in

"‘ . .
< Spontaneous fission

previous page

- Quite sens

Itive to the shell closure.

WKB method

Proton emission| |q, . from kTuy

There has rather long partial half
lives even outer proton-drip line

a decay

Phenom. formula
Qq: from KTUY

Rather sensitive to the proton

shell closure.

+ B-decay by using the
gross theory of 3-decay +
KTUY




@ [ Total half-lives (G,B,p,Sf)j a®
130 - Ll 30[126] yr=3x10%s

3 - e 0 (T12~107's)
{ .
= oLt R o, [126]s
= = i At Tanll " T1/2~100yr)
% 100 B GO O . R ¥

ﬂ ~

L : L L e R R () \ N Bl R

130 140 150 160 170 180 190 200\ 210\ 220 230 240

Neutron number N

298[114]
_ . (T1/2~10d)
9 6 3 0 3 6 9
log10(Ttotal/(s)) 294Ds

(T1/2~300yr)

(Long-lived superheavy nuclel distributes

near the (B-stabllity line)



( Most dominant decay (a, B, sf, p) (Tu2= 1 )

N |
a-decay dominant ! ! o |'Q} ! |y ail:
140 = B p-decay dom. 27118], 5 o o
z=126 {| M SF dom. o = -
120 L B p-emission dom. — augsl
Z=114 | — Proton-drip line - B - | o
N by KTUY formula =
3 100 — B (-stable nuclei -7 |
€ by KTUY formula .
2 780 [1_known nucl.(2000) = |
o 80 = 208 _ -
% 294 (114154
z 235 DS184
c 6o 208 U —
S Z=50 : Pb
o an example of r-process path
O 40 -
132
728 . Sn
20 -
B N28 | N=50 N=82 N=126 N=184 N=228
L [ | | | | | | | | |
20 40 60 80 100 120 140 160 180 200 220 240
Neutron number N
111 B | | | I |
~ |[Experimental decay modes e 7
100 | ((ENSDF2000 and recent data) i, n

00
o

N
(@]

| H Stable nuclei |

Proton (Atomic) number Z
o
o

N
o

The bulletin of the Physical Society

| ' ' | | ' ' ' | of Japan (BUTSURI), 60 (2005)

20 40 60 80 100 120 140 160 180 12%00 220 240
Neutron number N




cay modes in the superheavy region) &%

Periodicity of nuclear closed shell “‘Cape”
=228 magic

A

. _ How far does

ISSIOTY . ysRe/== s —> the area of

| Ap s LIRS nuclei extend?
 \{olss o - (finiteness)

235U = -lz I pll"OItOIn II'YI]iSISiOII']I L ! I o I
208 - L oY) N ] e
P % sl N T
1] Ll N\ 3Fm B decay
S\ gl ]\ N\ I
an example of rforocess path| g\ - ; - B
4(1)00 12|Og 14|_O 16|O 18|.§ —9 _________________________ r Q_d_ﬁ@_?_??;_]___]___4] ______l’]_S_:
Only nuclei with >109s eutron numi{s 127 pontanQ;ygEh&)rI- Z=101] ]
4 Sk o RResSS)
\$T(Seq¥ential‘alphd=fecay my°
sf(more dom. than p) hot fusion terHIHatE By HeSigh)
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238) 4238

Superactinide ( Main deca_y modes ) a— > 476184

17— ARt
160 | Calculated nuclear decay modes| m p-stable nuclei e 3541;6228"'""'""""""'""""- ________ TR
B from KTUY fgrmula S
u 1 B
— : = |
b TN o mont e e P R . o 1L
N12OTZ=114 T A A oL T
5 . e
-g - Z(Z-1)/A=49.76 (fissility line) g : 16450 -
S : - g 31639210
c /=82 T i
£ 80 pIT T L R S S
IS = a-decay dom.
o i m (-decay dom. i
Z=50 .. » SN AU S Spontaneous fission| ...
: - : m Proton emission
40 — Utes m f-stable nuclei —
S from KTUY formula
o : 0 known nucl. (2004) i
| N=50 iN=82 N=I1 26 IN=184 ~ N=228  ,  N=308
40 80 120 160 200 240 280 320
Neutron number N Only nuclei with >10-s

opontaneous-tissioning nuclel I1s the border In the neutron-deticient side.

T f—1o 9 s line and neutron-drip line crosses near N = 340(cf. fissility line)

Islands of stability corresponding N = 228, 308, Z=164 magicity appear.
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Spherical neutron magic:beyond 184

— 208 256 298 354 472
4 C Pb2g Usg4 114454 126,58 " 164505 4dy,
— m 35/
= 2hgs
o 4p1/2
=3 — P
— 3 r
S, .0 [ 7/2 y
®) 2 e 3d 2284 K17/2 2hy1e 398 /api, —
O -4 68 Aivee —184 §1J13/2 228 /1 K1772 /; Lion =
- 2h 11372 5/2 =
UCJ - 4299/2 _,,5(11;//22 4/3d3,2 \4P3r2
O -6 196 i1 e 45, —4431/_2 —\1ki52
S g Eu 12030 164 \2gre == 22 \3”‘7/2
E I _/—\Qf o _—\3d5/2 164 207, ?6\2%/2
(U _ O I 2f5/2 \Zgg/2 _/299/2 2h11/2—_
al . o /1 i7/2 126 \Mji5/ 1]_15/2 45,
1n F 9/2 —Tlze — \j A -
-12 :(exp.) 82 e — 311/.2 — 11/2 PR
®)) — w5 3 92 —— 3I31/2 — Ps/2 -
£ -14F 3815 S1/2 Psz ——\\3Par Qa2 7]
) m _\st;z 4/2d3/2 — 2f5/2 2f5/0 Tz =
= 6 :_ — ~1hqqp /2d5/2 2f7/2 —\‘2.1:7/2 3d5/2 —
— —— 1hyy0 PRV [EE 2972 3
Calculated With KY potential
KTUY formula Neutron (Koura et al., NPA671 (2000) 96)

Spherical

~

Neutron:N=164, 184, 228, 308 gap appear clearly.
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Spherical proton magic:beyond 114 (or 126)

— 208 256 298 354 472 —
45 TPbygg Uis4 114,54 120005 "'“1643)s
A~ — —
> 2 . 3_d5/2 .
S 0 BPUZ ... g o
~ o 3pP3/0 —\1115/2 126 Tl 29712 2972 -
> 9 114 2f5p —\299/2 —/gp“z ﬁ/2gg/g 164| /2992 -
9 TP —1|13/2 1|11/2 ——9P32 —_— i / i ]
) e ~of 126 4 ——2f5,  q3g " Mise hisz =
- -4 — — 72  — P12 144y of — iy 154 3P12 T
— 1h 3p L1 zl7p (126) -
LLI _ 80 9/2 2 — E— Y 3Pz o
(o)) -6 3syp 114 2f5/0 92 ”:3/2 _\3p3/2 i1 "=
—= - of ——1hgyo of —2f -
S -8 B 23/ :1-7/2 82 114 s O
= = 92| Thape _~7  3sp N\of 2tz 3
T 1h11/2 —_ 7/2 .
$ 10 s —, " Moz ——2dip 92 Mig, o Thoe
_ ——2d5p2 \ <1 horp 5
D142 E(exp ) 50 19712 381/ T1hyg —\1 hg/ 3812 —
g 14 - ' 2d3p  ———1g \231/2 —\‘2d3/2 -
514F e e
16 E ———2Pip2 1hy1 Thy12 7
- 190/ .
Calculated With KY potential
KTUY formula Proton (Koura et al., NPA671 (2000) 96)

Spherical

—( Proton:Z=114, 164 gap exist, but are no so remarkable. )—)




— 238 J 4238
Superactinide ( Total half-lives ) S a761g4%
1728 T | T E T [ T | . | elec.-pos. ann. ]
160 L= Ca|Cu|ated total half |IVGS§ ........ ] fPorSrEal?'ll'eUr\](ufol?rlnula ........................................................
-~ T, =1 s 101 26] | £
I 1 55T, ,2107s 107s
Z=126 10-33>T1/2210 S o U N e e
N120 [Z=114) m 107s>T; 2107 | 0\ N L g
s 0 known nucl.(2004)] -
-g - Z(Z-1)/A=49.76 (fissility line) .
e =82 | e 294
8 80 [ 208Pb ......................................... = JMHH DS \
5 120 - b 300yr |
o L -
(Z=90 .. i, [ R T1/2—10 ’s(ns)~11000 nuel.| :
40 | - - i ™ o 7—1/2_10 S(MS) ~1 0000 nUC| ]
! S [Fsnes 7'1,22 1 5:~4000 nucl. _
7 N=50 (N=82 | N=126 , N 184 ;N=|228 | N=308
40 80 120 160 200 240 280 320
. _ Neutron number N
Upper limit of Atomic number with half-lives longer than 10 ~ °s:

N =184 region => Z=136,
N =228 region => Z=142,
N =308 region => Z2>175

Uncertainty of half-lives : They may be in 3 order of magnitude. ex. 2*Ds:0.3 y~0.3 My
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@ ( Conclusion ) &>

® We calculate nuclear decay modes and total half-lives in the
(ultra) superheavy nuclear mass region by using the KTUY mass
model.

® Nuclear decay mode of superheavy nuclei:

® Other regions of “island of stability of superheavy nuclei”

-“Peninsula” near the proton-drip region along N=126

-Next “island (cape) of stability” along N=228 (small) and also N=308

(large) <- due to the shell closure of the nuclear mean-field potential.

® Limit of Existence of nuclei:

®* A finiteness of region of (relatively) long-lived nuclel

-Predicted number of nuclei:

-11,000 for nuclei with > 1 ns

-10,000 for nuclei with > 1 us

- 8,000 for nucleil with > 1 ms

- 4,000 for nucleiwith > 1 s

- Calculation region reaches the limit of macroscopic fissility line.
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