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@z [ lintroduction ]

Why nuclear mass?

A

. Equivalence to total energy of nucleus: E = mc?
= Governing nuclear reaction and decay modes

E=mc?
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Nucleus A can not decay. Nucleus C can decay. A=53 gl - |Ma(Eg)|* f(—Eg + 1)dE,
‘ Q

Diff. of mass(total energy) determine
the direction of nuclear decay.

Decay rate of beta-decay
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Mass-measured nuclel: current understandings
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@ Importance of mass prediction : drip line AR
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«xv [ _II. Bulk properties of nuclear mass ]

T

Weizsacker-Bethe semi-empirical atomic mass formula

MWB(Z, N):Z mH + Nmn — B(Z,N)

=Zm_+Nm_ —ayA+ a A% + ay(N-2)?/A + acZ(Z-1)/AV3 + 8,
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Mass data : 2012 Atomic mass evaluation
(M. Wang, G. Audi, A.H. Wapstra et al.)

Trend in MeV-order
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«xv [ Il Bulk properties of nuclear mass | g%

Weizsacker-Bethe semi-empirical atomic mass formula
MWB(Z, N):Z mH + Nmn — B(Z,N)
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«xv [ _II. Bulk properties of nuclear mass ]

Weizsacker-Bethe semi-empirical atomic mass formula
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«xv [ _II. Bulk properties of nuclear mass ]

Weizsacker-Bethe semi-empirical atomic mass formula

MWB(Z, N):Z mH + Nmn — B(Z,N)

=Zm_+Nm_ —ayA+ a A% + ay(N-2)?/A + acZ(Z-1)/AV3 + 8,
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«xv [ _II. Bulk properties of nuclear mass ]

Weizsacker-Bethe semi-empirical atomic mass formula

MWB(Z, N):Z mH + Nmn — B(Z,N)
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«zv [ Shape transition and shell energies |
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p from B(E2) : S. Raman et al., ADNDT78 (2001))

Notable feature on discontinuity of derivative of mass values

e /=50, N=82 and Z=82 discontinuity of derivative: Spherical single-particle shell closure

e N=88-90 discontinuity: Shape transition

13F5H24HEEH



—.

S,
2 [ Mass relation: Garvey-Kelson systematics |
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N=126
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1Garvey-Kelson relation
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@2 ( Mass relation: Garvey-Kelson systematics ) ¢
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GK type mass formula:
Comay-Kelson-Zidon (CKZ19sg) | |INn heavy region, the GK sys. gives some

Janecke-Masson (JM1ogs) " .
Masson-Janecke(MdJ1sss) transition as changes of structures, especially

(ADNDT39, 1988) nuclear shape.
9 Trend in 100 keV-order
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@ Summary: Some properties of nuclear masses @

e Bulk properties of mass surface:

- VVolume energy, surface energy, symmetry energy, ...

e Shell gaps:

- N, Z=20, 28, 50, 82,126(only N) and a change of magicities (ex. N=14 to 16)
e Transition of sphere to deformation:

- Discontinuity of derivatives at N=88 to 90 near the (3-stable region.

e Wigner term:

- Discontinuity at N=Z.

e Averaged even-odd effect:

- Staggering change of masses alternates even and odd-N/Z.

10
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v [ M. Nuclear mass formulae g%

There are many and various mass models.

o Systematics:

- Construction by focusing mass relation

e Mass Model, Apploximation:

- Macro-micro, Hybrid, or micro-like framework

Only mass data available to obtain are adopted.
(RMF, EDF mass formula are not included.)

11
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@ ( Systematics - Phenomenology )

- Garvey-Kelson-type mass systematics

focusing on relation between mass values and Z, N

Comay-Kelson-Zidon, Jianecke-Masson (1988)

- Empirical shell term
focusing on Bulk part (WB-like)+deviation (Shell term)==
Tachibana-Uno-Yamada-Yamada (1988)

- Phenomenological shell model calculation

Polynomials of particle and hole numbers,
obliged to assume magic numbers in advance.

Liran-Zeldes (1976), Duflo-Zuker (1995)

}z &w
— |+
+ [+ =0

+| = N

50 100 150

Properties

- Good reproduction of masses for known nuclei + good prediction for unknown nuclei (quite)

near mass-measured nuclides. (300-600 keV)

- No predictable power for superheavy nuclei (next magic number, etc.)

- No deformation is obtained.

12
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@z (___Mass model, Approximation ]

Recent mass formulas:
(- are designed for nuclei with Z, N=8 to 319[126],5, or more

~

- have the RMS dev. from exp. masses. of 600-800 keV

_ give deformation parameters 32, 4... and fission barriers,

saddle

ground state

* Density functional theory <- recent project

- Hartree-Fock method with Skyrme force

Strong short-range force => d-function => HF calc.

ETFSI (1995), HFBCS (2001), HFB (2002-)

* Liquid-drop model by S.Goriely et al.

Deformed liquid-drop part+Micro. (folded Yukawa)
FRDM (1995), FRLDM (2002),

- Mass formula with spherical-basis shell term ™ ™"eta

Phenom. gross (WB-like)+spherical-basis shell part
KUTY (2000), KTUY (2005) Koura, Uno, Tachibana, Yamada

13 by H. Koura et al.

by Dobaczewski et al.

A

<

Potential energy surface

MICro
(-like)

macro+
MmICro

phenom.
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by S. Goriely et al.

Skyrme-Hartree-Fock-Bogoliubov mass formula
(2002-2010)

Etot = EHFB+ Ewigner

BSk21 force parameter set:

to=-3961.39 MeV fm3, t1=396.131 MeV fm>

t>=0 MeV fm>, t3=22588.2 MeV fm3+3a

t4=-100.000 MeV fm3+3f3, ts=-150.000 MeVfm>+3y
x0=0.885231, x1=-0.0648452, t2x0=1390.38 MeV fm>
x3=1.03928, x4=2.00000, x5=-11.0000

Wo=109.622 MeV fm3, a=1/12, p=1/2,y=1/12
+,=1.00, +,=1.07, {1=1.05, f,=1.13

Vw=-1.80 MeV, A=280, V'w=0.96, Ap=24

Accuracy
The long road in the HF B mass model development Orms (2149 nuc)
HFB-2 : Possible to fit all 2149 exp masses Z>8 659 keV 4
HFB-3: Volume versus surface pairing 635 keV
HFB-4-5: Nuclear matter EoS: M*=0.92 660 keV
HFB-6-7: Nuclear matter EoS: M*=0.80 657 keV
HFB-8: Particle-number projection 635 keV v
HFB-9: Neutron matter EoS 733 keV
HFB-10-13: Low pairing & NLD 717 keV f
HFB-14: Collective correction and Fission By 729 keV
HFB-15: Coulomb correlations / CSB 678 keV
HFB-16: Pairing constrained to NM 632 keV \

Current version: HFB-21 (2010)

Neutron number N

data:AMEOQO3

14

HFB21gvesa | . Mass
less than 600 |H|:|321i(2(?10)|.|. ......... _______________________________ ................. e N _____________ I l-.-‘-"'_
keV of the RMS | ™ s, AEE
dev. NP e e
In the light region §6O_ ] ?i
there is some g = ] O§
discrepancy in |&4 =8 . 3
derivatives as Sn.| , A l .
Referred mass Ogﬁgo 4|0 6|0 8|0 1(|)0 150é 14|10 16(;3 180

Neutron number N

— I [ [ I O
HF821 2010 .......... S R — R S -
| ( )| -""F
— [RMS dev. :for Sn=526:kev ]

for 2143 nuclei (AME2011) o e
P 1.5
e ............. lnlg@:ﬁE* i .............. r
. — 1.0
H% mr'.? (9))
- — 0.5 g
- A S 9
............................................... hﬂf | o0 9?)
Efiy 05 &
............... o 5
........ ! I: 1.0

5 L 1 | B 1.5

0 20 40 60 80 100 120 140 160 180
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@ ([eKescekirifStabs )

AME 11 (exp)

140 [ ' | Num.1715 nucl. |
|Garvey Kelson relation| Ave.=-1.69 keV
RMS dev.=331.8keV
120 - i [AM12 (without sys.)| :
5 500
100 - 400 |
N
g z=g2 N 300
a g0~ 200 [
2
100 ©
§ 60l ~H
o 0 =
n’: Z=50 a
-100=
40 - 200 ]
Z=28
ol knomn : -300
..... nuclides —
0 i . o08) | —400
N=50 N=82 N=126 -500
0 : | | | | | | T T

0 20 40 60 80 100 120

Neutron number N

HFB8(2004)

140 160 180 200

140 - I I I I I
Garvey-Kelson relation

n

120 -

100 —

60 -

Proton number Z

40 |-

20 |

0 |

Num.:1646 nucl. (AME11)
Ave.=22.9 keV
RMS dev.

-0.4

0 20 40 60 80 100 120
Neutron number N

. All the HFB calc. vio

140 160 180 200

Proton number Z

Proton number Z

HFB2(2002)

140 | ! ' r ' [Num.:1646 nucl. (AME11)
Garvey-Kelson relation Ave.=2.7 keV
RMS dev.=323.1keV
120 — |+ HFB2(2002) e
+
100
80
60
40
20
0 | | | |
0O 20 40 60 80 100 120 140 160 180 200
Neutron number N
140 ' ! ' r 'INum.:1646 nucl. (AME11){
Garvey-Kelson relation Ave.=-6.7 keV
RMS dev.=397.9keV
120 T+ HFB21(2010) : 7]
100 + i
04 |
80 0.2
o
60 A
00 =
(0]
=
40
-0.2
20
-0.4
0 | | | | I

0 20 40 60 80 100 120
Neutron number N

140 160 180 200

ate the GK summation everywhere!
15
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@

(1995)

Finite-Range-Droplet Model (FRDM) mass formula

by P. Mdller et al.

ax

Current version is FRLDM (2003-)

E(Z, N, shape)=Emacro(Z, N, shape)+Emicro(Z, N, shape)

Emacro: Droplet part as a function of Zand N
Emicro: Folded Yukawa-type potential + Nilsson-Strutinsky method

e Deformation, fission barrier is obtained
e (Good prediction on fission properties.

Good for the
heavier mass
region. Some large
discrepancies
appear in the light
region.

Referred mass
data:AME93

120

Proton number Z R
N B (o2} (00} o
o o o o o

o

[FRDM(1995)|

—[RMS dev.=645 keV
for 2294 nuclei (AME2011)

I
—_

SR
P T

| SiREEs
1 1 1
w N - o

(ABIN) -y

80 100 120 140
Neutron number N

160

16

120

Proton number Z R
B ()] (o] o
o o o S

N
o

180

[FRDM(TGZB)] ot £ - I S — ol

— [RMS dev. for S,=576 keV

for 2143 nuclei (AME2011) ot
T ; ; ol
5 : A5 T
R ............................... ........... ;:g::‘HE{}HHH };;" .................
s Fooa
g m =
: Enatl :
P e |
£EEEEEE L
................................................. BT R
e

80 100 120 140
Neutron number N

160 180
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@ | Spherical-Basis (KTUY) mass formula (2005) | &%
M(Z, N)=MQI’OSS(Z’ IV)+MGO(Z’ N)+MShe||(Z’ IV) bng-;;1P<103uzc)ec’;;l.,

289
PS179
= T g
Ty

Mgross smooth function of N and Z. (same as the TUYY formula) |——g ™ o
Mshei: modified Woods-Saxon pot.+BCS+deform. config.

e Deformation, fission barrier is obtained

e (Change of magicties in the n-rich nuclei is predicted.
(N=20 -> 16, etc.)
ground state

e TJopic: decay modes for superheavy nuclei are applied for. Potential energy surface

saddle

13F5H24HEEH



@ | spherical-Basis (KTUY) mass formula (2005) | &%
M(Z, N)=MQI’OSS(Z’ IV)+M€O(Z’ N)+Mshe||(Z’ IV) by H. Koura et al.,

PTP113 (2005)

Mjyross sSmooth function of N and Z. (same as the TUYY formula)
Msnhei: modified Woods-Saxon pot.+BCS+deform. config.

saddle )

— Fission

e Deformation, fission barrier is obtained = SSFA L

e Change of magicties in the n-rich nuclei is predicted. / eane @
(N=20 -> 16, etc.)
ground state

(MeV)
e TJopic: decay modes for superheavy nuclei are applied for. Potential energy surface

saddle

' ......... ............................. ' ................. ol ............. ) l'-.-‘-Fl ......
Derivatives of mass : - e *ﬁﬁﬁ -
[CE e EEEEESE .- B - s "
gives a good - e
reproduction. | sliter— S5 == __ g% a8 === 0~ 5 _— m
______________ ~ hesE
IF S — l
N L S 15

Referred Mass A s 15 : 20 60 80 100 120 140 180 180
AR - gy Neutron number N
data:AMEQO3
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@

Spherical-Basis (KTUY) mass formula (2005)

M(<Z, N)=Mgross(z’ N)+Mgo(Z, N)+ Mgy, (£, N)

by H. Koura et al.,
PTP113 (2005)

Mgross smooth function of N and Z. (same as the TUYY formula)

Msnhei: modified Woods-Saxon pot.+BCS+deform. config.

saddle

/

e Deformation, fission barrier is obtained

e (Change of magicties in the n-rich nuclei is predicted.
(N=20 -> 16, etc.)

e Topic: decay modes for superheavy nuclei are applied for.

Derivatives of mass
like Sn ,Qa, QB,
gives a good
reproduction.

Referred Mass
data:AMEOQO3

120
100

N 80

o)

O

£

3 60

[

[@]

3

Neutron number N

17

— : . 120
KTUY(2005)] -
—[RMS d;ev.=;690 keV E 100
for 229_4 nqclei (AME2_011)
N 80
A, Ll o)
A £
B 5 - %§ 2 60
=
IO W I -5 R 05|
; = a 40
1@
..................................................................................................... <
................................................................................................................... I:_2 20
1 | L -3 0
80 100 120 140 160 180

0/ -0.00

0.10
0.05 \
3 o000 #
0.05
0.10 fmn RN 1 ooy |
010 o
a2

(MeV)

“:'
/I zJ)LE—

saddle

ground state

Potential energy surface

' ......... T R I T — ol

— [RMS c;ev. ;‘or Sn=311skeV ]
for 2148 nuclei (AME2011) .
................... IR T
sl el :
- F 05 P
........................................... O '
S o - 00 £
— i =
05 &
...................................................................................................................... 5
&g t_m
L | L | L 1.5
20 40 60 80 100 120 140 160 180

Neutron number N
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«z> (SNSRI o7

AME11(exp)

140 - ! I Num.:1715 nucl.
|Garvey Kelson relation| Ave.=-1.69 keV
RMS dev.=331.8keV
120 - — [+ |AM12 (without sys.)| =
7+ -1 =0 i e 500
N
E 300
E 8 200 ]
c 100 ©
c
g o 0 2]
o —100%
40 -200 ||
=300
20 -400 ||
N=126|3 | =500
0 : : : | |
0O 20 40 60 8 100 120 140 160 180 200
Neutron number N
FRDM1995 | : gives a smooth trends KTUY2005 | : gives a smooth trends
140 1 ' ' T ' "[Num.:1646 nucl. (AMET1) 140~ | ' ' ] ! '[Num.:1677 nucl. (AME11)}
Garvey-Kelson relation Garvey-Kelson relation Ave.~-0.6 keV
0l 120 RMS dev.=167.8keV
~[+ - [+ |
+ +
100 100
N N
3 b
2 80 2 g0
2 £ o
é 60 é 60 i
T & 5
=
40 40 |
-0.2
20 20
-0.4
0 : : : | | | | I 0! R i | | | | .
O 20 40 60 80 100 120 140 160 180 200 0O 20 40 60 8 100 120 140 160 180 200
Neutron number N Neutron number N
. FRDM and KTUY give a smooth trends.

18
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@ Extrapolation to the n-rich nuclei

n-drip of
Mass value is subtracted by WB2o12. W

BaXT i
: N N B B B

/W—IWWB2012 (MeV)

Z<-62 60 58 56 54 52 50 48 46 44 42 JMiggg N-dlrip of
68 70 72 74 76 78 80 82 84 86 88N->
1955, l

A1O_||||||||||||||||||||||_

% MJ1988_N A~—JMggg

Z <- 86 84 82 80 78 76 74 72 70 68 66 64 62
109111 113115117119121123125127129131133 N ->

f
100
N80
(O]
o)
60
Z
c
240
o
o
20
ok :
O 20 40 60 80| 100 120 (140 16CQ
Neutron Number N
1010?1H Anders&Grevesse89 -;- 2'5205 \?vsitr?nsle/nall .
8 & R-S comparative
10 = -8~ S-procgss only
5 Lo \ o S-dom| with small r
= | oo ~&- P-procgss only
3 100 3% ‘ < p-r-s chmparative
= e A e Other
0 4 ® Yoo & -
S 10" [ 8% we
e i e f
© . 0"“:‘ i ]
s} ® e® g
8 0 “ [ ]
% 10 e 9
© :
10 :
< u.
0] | \ -
.roolar abundance
10 0 20 40 60 80 100 120 140 160 180 200 220 240
\_ Mass number A )

. In old-type mass formulae (-1988), mass values extremely

diverge In the very neutron—ric]g region
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@ Extrapolation to the

130~ 130, 130
Ba Xe Te

n-rich nuclei (AS;?

T | T_ T | T | T | T | - (Only Since 1990-)
0 /,//7 n-drip of
— WB
>
s V) |
= -4 |AvE2003- Coverge |
. FRLDMes ] Predicted mass values still
EQ;D 81— ¢ PN diverge.
| p—a :
< 12 , \ % Eveh amor?g HFB s,-mass \{alues
A=130 Col O T e < diverge in the n-rich region.
£<"62 60 58 56 54 52 50 48 46 44 427" ] (several MeV)
68 70 72 7419ZS 78 80 82 84 86 883 Poor experimental mass data.
9 | | | | | | | | | | | | | | | | | | | ! | (R INFRLDM1995 T
% 0= ~-FRDM 995 C;
| =
§§ “4 [AMEBG05- T GM‘;/\L i
< -8HA=195]| | since 19|88!I AN TV z0os |
...... | | | | | | | | | | | |
Z<-86 84 82 80 78 76 74 72 70 68 66 64 62
109111113115117119121123125127129131133 N ->
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@z (___R-process nucleosynthesis ) g%
-Check the mass formulae as astrophysical data-
<

-

® | Canonical model | Steady flow +Waiting point Approximation

Neutron-number density (Nn) and temperature (Tg) are constants

(n,Y)-(Y,n) equilibrium is established over an irradiation time T
N,,Tg,T: chosen to reproduce the abundance peak at A=130 (obs.)

2

S H for equilibrium eq. (determine the path) and Q[3 for Ag:
estimated from mass formulae (TUYY, KUTY, FRDM)

+ N,=N(Solar abund.)-N

\_ XN, r-only nuclei /
I L L L L L bl I Livvinn I Levvii v Livvni Liive 1y Livvi v Livieiy Liis
120 New measurement ('96-) — KUTY | |& — FRDM | |
logN,=24 26 logN,=23.89
Mass measured | \ = . - Ty=15 I
nucleus (-'95) o © =20

oo
o

Z

1N o

o o
T T 1 T 1 "1 T T T T4

Proton number
(0))
o

r-path TUYY ]
r-path KUTY —
D 1, | pathFRDM

O 20 40 60 80 100120140160 180 20¢
Neutron number N

* TUYY:gross term (WB-like with higher
expansion) + empirical shell term.

e KTUY:TUYY gross term + deformed shell with
a modified Woods-Saxon pot.

* FRDM: Macroscopic Droplet + microscopic
deformed shell with a folded Yukawa pot.

N
o

Solar abundance (S

21

80 120 160 200
Mass number

TUYY+GT2

IIII lllll I lllllll I lllllll I lllllll Il TTTTT

80 120 160 200 80
Mass number

KUTY+GT2

Illllllllllllllllllll

120 160 200
Mass number

FRDM+GT?2

13F5H24HEEH



@z (___R-process nucleosynthesis ) g%
-Check the mass formulae as astrophysical data-
<

-

® | Canonical model | Steady flow +Waiting point Approximation

Neutron-number density (Nn) and temperature (Tg) are constants

(n,Y)-(Y,n) equilibrium is established over an irradiation time T
N,,Tg,T: chosen to reproduce the abundance peak at A=130 (obs.)

2

S H for equilibrium eq. (determine the path) and Q[3 for Ag:
estimated from mass formulae (TUYY, KUTY, FRDM)

+ N,=N(Solar abund.)-N

\_ XN, r-only nuclei /
I L L L L L bl I Livvinn I Levvii v Livvni Liive 1y Livvi v Livieiy Liis
120 New measurement ('96-) — KUTY | |& — FRDM | |
logN,=24 26 logN,=23.89
Mass measured | \ = . - Ty=15 I
nucleus (-'95) o © =20

oo
o

Z

1N o

o o
T T 1 T 1 "1 T T T T4

Proton number
(0))
o

r-path TUYY ]
r-path KUTY —
D 1, | pathFRDM

O 20 40 60 80 100120140160 180 20¢
Neutron number N

* TUYY:gross term (WB-like with higher
expansion) + empirical shell term.

e KTUY:TUYY gross term + deformed shell with
a modified Woods-Saxon pot.

* FRDM: Macroscopic Droplet + microscopic
deformed shell with a folded Yukawa pot.

N
o

Solar abundance (S

21

80 120 160 200
Mass number

TUYY+GT2

IIII lllll I lllllll I lllllll I lllllll Il TTTTT

80 120 160 200 80
Mass number

KUTY+GT2

Illllllllllllllllllll

120 160 200
Mass number

FRDM+GT?2

13F5H24HEEH



@

S

on systematics

A=130peak A=130peak A=130peak A=130peak
I I I I |1 ' — ' — \ ) —
Experiment TUYY| KUTY]|. " [FRDM

Z=50

V]
=

S ,./2 [Me

N

15 1(1995 Audi & Wapstra)[™

N\

 1Z=50 ‘

/=36 \

7=36 ‘
)

A\
736 \\\A

$.'=3.1 MeV

7Z=36

ISE

| | /=38 |

40 50 60 70 80 9GO0 50 60 70 80 9010 50 60 70 8O o0 50 60 70 80. 90
Neutron number N

Neutron number N

Experiment

TUYY

22

Neutron number N

KUTY

Neutron number N

FRDM
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systematics ' .
@ Sop SY Kink 7
A=130peak A=130peak A=130peak A=130peak
Eljxpell'lmell]t | - ‘ TUYY \\ \‘ \\\\ KUTY \\ FRDM
1511995 Audi & Wapstra) ] L ]
7=50 |
;10 — \\\ \\\\\ \\M\ —
QO \ \
= NN
\ \ \ - \\\\\ \\‘\
_ ' R /R o
7=36 Z_3é( 7=36 E%A Y. \%L\& 59=3.1 MeV
0 AN — & — \\ /=36
| | | | | | | | | | N | | | | | | | | . | |

40 50 60 70 80 9GO0 50 60 70 80 9010 50 60 70 8O OHO 50 60 T0 88O 90
Neutron number N

Neutron number N

Experiment

TUYY

22

Neutron number N

KUTY

Neutron number N

FRDM
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N, 1.
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!

82n systematics

!
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@ SZn systematics égz?)

Bunched (Twisted)
A=130peak A=130peak A=130peak
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@ S, , Systematics @
To measure Sy, of 981105y, 1101127 etc. is required. Bunched (Twisted)
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@
To measure Sy, of 198 '°Sr,

2n (Me

T2 of '19Zr was measured
by Nishimura et al.

So

" systematics

Bunched (Twisted)

NIN=82
| |ZZr

[z=38].

35

| [z=38|

Proton number Z
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100 1 I
Exp.(AME11) I
Avegk=-3.53 keV
80 FRMSsy=341.6 keV =
60| -
s
c
G 40| _
o
20— .- (unknown) ~
L
il l | l l l |
20 40 60 80 100 120 140
Neutron number N
‘0oL KUTY
| Avegk =-0.47 keV
RMS k=270 keV
80| GK
60
40
20 no indication
| | | | | | | | | | | | | |

60 80 100
Neutron number N

120 140
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Garvey-Kelson eq.
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100 1 I
Exp.(AME11) I
Avegk=-3.53 keV
80 FRMSsy=341.6 keV =
60| -
s
c
G 40| _
o
20— .- (unknown) ~
L
il l | l l l |
20 40 60 80 100 120 140
Neutron number N
‘0oL KUTY
| Avegk =-0.47 keV
RMS k=270 keV
80| GK
60
40
20 no indication
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60 80 100
Neutron number N
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24

Garvey-Kelson eq.

ZA
_+ —
+ = —AGK
_+ .
N
T N
0 250 500 750 1000
‘AGK| [keV]
100 FRDM

- Avegk =—2.75 keV

80 - RMSGK=599 keV

60
40

20 Change of shape!?
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@» Deformation parameter 0L 50
40 50 60 80 90
OO T TR s0 A=130
g i
£ 50 -
KUTY 2 .
g YOk 9753
. L. |
40 50 60 70 80 90
Neutorn number N
40 50 60 70 80 90
60 T T R 60
N
5 0
E S0 50 dip of S, <=> change of (L,
FRDM < ol . (FRDM)
s* ~—|/=38
al
40 50 60 70 80 90

Neutron number N

-0.3 -0.2 -0.1 -0.0 0.1
o2

0.2 0.3

Discontinuous change of shape
would gives kink of Sn. (FRDM case)
Theoretical (humerical) problem?
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Another possibility: Influence of shell-quenching far from stability

A

J

(
Chen, Dabaczewski, Kratz, Langanke, Thieleman,
Vogt, Phys. Lett. B355 (1995)37-44 7 N=81 N=83
10° L L L L L LA B N BN BB ﬁSG
10" ’.‘[n. [ ‘-
|
"t I} N 48
10° L 2
! I|'] ] ) I_jI" l| -CE: 46
107" NS : 2
% lI N ! ) I“ I h il E 44
8 2 s\\ % Y ! %
T 107 | ' \ &
g 3 ’
s 10 L L I ! LB 40
2102 ill||wl|lll|li\ | | L ] 1 | 1 | t I 1 ] L 1 1 |
T " 6 5 4 3 2 1 0 -1
2 1 Lo S :FRDM+SkP Neut ti S. M < .
f:é 107 bl n _ eutron separation energy, S, [MeV] <=
109 ' -é Fig. 4. Comparison of 5, values for the isoiones N = 81 and 83 as
. 1o \ M E predicted by different mass models. The difference 85, = [ Sn (N
f l 1 i -
10" || O B\ ' [ = = 81) -8y (N = 83)] is a measure of the N = 82 shell strength and
oty g ; is shaded for SIII (light) and SkP (dark). The shell quenching
1072 ! E with distance from stability for SkP, in contrast to SIII, can be
1 recognized. Masses of odd-odd nuclei have not been calculated in
107 o | T AT | our SIII study.
80 120 160 200 240
Mass number A .
Fig. 2. r-process abundance fits obtained with ten equidistant S h e I I'q u e n C h I n g
neutron-density components from 10% ¢cm—3 to 3 x 10** cm—3
according to Fig. 1. In the upper part, the result is presented for _ d - f d -
FRDM [10] masses with the 77/, and P, values from the QRPA —> eCre aSI ng O I pS
calculations according to Ref. [11]. In the lower part, masses
of spherical nuclei around N = 82 have been replaced by masses d th k
from HFB calculations with the Skyrme force SkP. The quenching a ro u n e pe a’ S
of the N = 82 shell gap (see Fig. 4) leads to a filling of the
abundance troughs around A ~ 120 and 140, and to a better (Chen et al. 1995)
overall reproduction of the heavy-mass region.
U

Kink of S,
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or shell quenching?

It would be artificial?

S,
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@ Superheavy nuclei ) &%

Mass-measured nuclei in the superheavy mass region

1 30 E I [ I. | | | |
Mass-measured nuclei .
from Atomic Mass Evaluation i
120 |(superheavy mass region) | |
N N T GSl |
> SHIPTRAP mumutien
.8110 - LiRNmant
S [ ﬁ o ,
< e m AMESS (1659 nuclei)
$100 = 5 AME95 (1844 nuclei)
- - H | m AMEO3 (2228 nuclei)
o m AME11 (2377 nuclei,int)
al AME12 (2438 nuclei)
0O known nuclides till 2008
90 (2941 nuclei)
o known nuclides from JINR |
(11 nuclei)
rediction (KTUY05
80 TN='52 precetion RIU 0]

120 130 140 150 160 170 180 190 200
Neutron number N

Poor mass-measurement in the superheavy mass region
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@ P

Why is direct mass
measurement?




@ &7

Why is direct mass
measurement?

To obtain ground-state energies (essentially important!)O




@

23Ra — ()= 2'Rn

Example: ground to excited states for odd-A

446.83 _2.27% 6.1
445.03

398 _~0.008%  ~3120

378.5
— 376.27 _1.00% 33

342.80
338.27 _9.2% 5.6

269.48 _25.7% 4.5

158.6 {6_%/ 7.9

. 126.77 _9.2% 65

%

14.38 _0.32% 6490
4.46

— Om 2430

\

—A

11.435d
ground (3/2+) — =
223 _
gsha
Q,=5979.31
73 _~0.00045%  ~115
61 <~0.00064%  ~96
51 <~0.0004%  ~176
830 _~0.0002%  ~469
800 _~0.0003%  ~472
N 773 _~0.0006%  ~340
& 748 _~0.0017%  ~168
< 733.2 20.021% 17
711.6 _0.026% 18
,§’¢§‘°i/f\\;%@b~ 672 0.0054% 145
P P 646.3 _0.042% 26
WV
Ponn 623.70 _0.043% 34
ST vl 598.71 _0.095% 21
SAS é,‘f.?»?—glz 593.9 10.15% 14
Qo &)
&S S .
QO oy Q 541.99 _~0.13% ~32
N o S
Q9 AR A 515.1 _~0.13% ~45
SN S
PN oS
YOA 0 W Vo
L RA RSN N1
(32 Soos PSSY 446.83 _2.27% 6.1
6.2 ps (3/25/2)* E— INASASES e A SO R 445.03
0w | 398 _~0.008%  ~3120
378.5
6.9 ps -+ — — X 376.27 _1.00% 33
() .0 4> 342.80
gips®A* == 0 20 B p MASKEAS A — 338.27 _9.2% 5.6
14.2 ps 3/2+.5/2%.7/2* [N I PR R O N U 2 269.48 _25.7% 4.5
42.3 ps (3/2,5/2)* B T D I T () 158.64 _52.6% 7.9
402 ps * 126.77 _9.2% 65
875 ps (3/2.5/2)* 14.38 _0.32% 6490
15.4 ns 3/2+,5/2+,7/2+ 4.46
: +
3.96 s 22 0 _1.0% 2430

219
86

Rn
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N—_

excited

(3/2+,5/2+)

ground
(5/2+)

a-few-hundred-keV-order
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@ Alpha decay chains in SHE

ZY0 | ZYo | ZY( Y38

120 476 ms 704 ms 732 ms 1685
0337 ps | «l52ps | a219ms | «338ms
292 | 293 | 294 | 295 | 296 | 297
1 1 9 443 ms. 621 ms 626 ms 1.02s 953 ms 1.96s
«290ms | alldms | a995ms | a478ms | «553ms | addims
289 | 290 | 291 | 292 | 293 | 294 | 295 | 296
118 695 ms 106 978 ms 1625 1645 L8ms 2365 570
0190ms | o89Sps | ad79ms | a219ms | o248ms a6l8ms | «35.6ms

286 | 287 | 288 | 289 | 290 | 291 | 29 293 | 294 | 295

117 fﬁ:if“': 876 ms 863 ms 1365 1335 2165 3175 2795 6865 ® AI m o St e n e rgi e S a re

s
4 5.85ms @564 ms @27.5ms @ 196 ms @ l12ms 738 ms @301 ms alsls @ 625 ms
a1l4ms

278 | 279 | 280 | 281 | 282 | 283 | 284 | 285 | 286 | 287 | 288 | 289 | 290 | 291 | 292 | 293 | 294

L]
1o o D e e i e e g ‘| obtained from alpha-deca
£223 6 £15.7ps £6.25ns 486 ms £8.75ns 920 ms 1455 141s 221s o 387s 3355 15 ms *6ms 18ms S3ms 305

o348 ms o 182 ms al06s
a7.13 us a 131 us alll us 0 4.80 ms 0 3.09 ms o 20.6 ms

277 | 278 | 279 | 280 | 281 | 282 | 283 | 284 | 285 | 286 | 287 | 288 | 28 29 29 292 | 293

L]
115 £107us | £157ms | f125m | £359ms F281s £1.07m 1374 4 /. 4 oas 53s c h a I n S
£103ps | £989ps | flo3ns | 539ms 1035 Lot's 1555 1525 251 2495 *0.03s | *0.095 g g >3 .

6.41s 23m 28 m al75m al22m

0 26.7 ps o169 ps o 183 us a3l5 us o 17.7 ms o 109 ms @2.02s

273 | 274 | 275 | 276 | 277 | 278 | 279 | 280 | 281 | 282 | 283 | 284 | 28 286 | 287 | 288 | 289 | 290 | 291 | 292

L]
14 tin | | o | | | ..|®  No relations of other
f242ps £4.70 ps f14.7ns f23.1ps f316ns £99.5 ps £1.09 us f612ps 3.26s 6.04 s 6.00 s 1L1s 02s *0.16s *0.51s -80s *2.7s p . als2d

630ms 0893 m as1sh
0942 us 173 us all0ms | a925ms [Puaiss
272 | 273 | 274 | 275 | 276 | 277 | 278 | 279 | 280 | 281 | 282 | 283 | 284 28 28 288 | 289 | 290 | 291 . . .
11 £942ns fl72ps | f264ps | £10.6ps f19.0ps | £5.19us I rectlons are O tal ne
3 £249ns £40.6ns 598 ms 916 ms 1005 1895 *0.2ms 3995 4355 £592ns *73ms *100ms | *480ms z?;m ‘523“:“ “'S:fj“:“ ﬂ'fg('}'L :;i;“d “"sz"d .
0538 s | 0202us | a138ps | oSTdps 6279 s | ol70ms
268 269 270 271 272 273 274 275 276 277 278 279 280 282 283 284 285 286 287 288 289 290
Cn Cn Cn | *'Cn | *"*Cn Cn Cn Cn Cn Cn Cn Cn Cn Cn Cn Cn Cn Cn Cn Cn Cn

v | v | o | Lo [ e || o [ @ Direct mass-measurements

112 £7.31 us £213 ps
£681 fs £738ns | £342ps 247 ns £396 ps 1365 £15.5ns ESEN 194ns | 0.69ms fla6ns | £545ps | £538ps seasn | aren | e iy
addl s @197 s a220m
267 268 269 270 271 272 273 274 276 277 278 279 282 283 284 285 286 287 288 289
Rg Rg Rg Rg Rg Rg Rg Rg Rg Rg Rg Rg Rg Rg Rg Rg Rg Rg Rg o
111 flisus | f182us | f185Sus | £313ns 312 £570 s 120 s 1395 rogfm r6s2d f1124 126 _ _ _ a re re u I re
£83.4ns 671 ms 1045 1035 1765 3.8ms 4125 *6ms 870 1985 *4.2ms 170 ms 110m Im 362m 274n B 35{2? = ;igd“‘ = f’#i‘f .
804 ps | a333ps | a20ps | 0968 pus w615 ps «160ms | a557ms «4.00m 3.0m «2.20d «1.28d i o * o ae
263 264 265 266 267 268 269 270 271 272 273 275 276 277 278 281 282 283 284 285 286 287 288
Ds Ds Ds Ds Ds Ds Ds Ds Ds Ds Ds °Ds Ds Ds Ds Ds Ds Ds Ds Ds Ds
£1.07 ms f1.73y . .
. . . . ) *6ms *69 *120 ) . . £4.24 ms £3.17 . f1.0sd r117 f11.8d
f224ns £25.1ps f444 ns £729 ps 3us FlL5ns 170 ps 100 s o3 8.6ms i £359ns 4195 £57.9ns 0.8 s 6.15 ns 180 ms s 9.65 i wr20 2760 | oiosa wosdn wor6d
al17.6ms al143d
262Mt 263Mt 264Mt 265Mt 266Mt 267 ZGSMt 270Mt 271 272Mt 273Mt 274Mt 275Mt 276Mt 277Mt 278Mt 279Mt ZSOMt 281Mt ZSZMt 283Mt 284Mt 285Mt ZSGMt 287Mt
f247us | f547ps | £5T0ns | f843ps %6 syl 17 | r304ms | £5.00ms f212h £558m £8.76h 1738 £2.98h f2.54d £150d a5y £187y r46.7y
728 ms Li2s L13s 181 i fias 0.07s 5.0ms 4 194 sals *0.455 10ms 720ms f624 ps 416m 2421 10.5m =25m | z262m | zseon | z12n [ o5 =236m | =771h
als8us | a60dps | a437ps | als6us @418 s 3,28 ms @lo2ms | all3ms | a55.6ms PRALH a455s | a4l7m | o443h | al48d a374d a424y =Y | ey @129y
261 262 263 5 268 271 272 ! 276 278 279 280 281 282 283 284 285 286
Hs Hs Hs | *%Hs | 2°Hs | %%°Hs | "Hs Hy/ %°Hs | *°Hs Hs Hs 2T Hg Hs | 2Hs Hs Hs Hs Hs Hs Hs Hs Hs Hs
f422ps 522 us 20 *0.80 378 ms 5245 f212h £26.8m £102m 2135 f4.59d £55.6m f221y f424h
1.62s £46.9 ns 2675 0.8ms Oms 2.3ms -80S v A 13s 3.65 2.83m £13.6 ps 0.155s £17.5ns T2 o =727h o Nea - ) oo = 141m o
s ok ns *0.75 ms 50 ms B atitm | =770 | asin | w253 @96.7d a3ssy | a4y wmen | @72y
260Bh 261Bh 262Bh 263Bh 264Bh 265Bh ZGGBh 257Bh 270Bh 271Bh 274Bh 275Bh 276Bh 277Bh 278Bh 279Bh ZSOBh 281Bh ZSZBh 283Bh 284Bh
*102 £394 ms 525 ms £4.55 ms f17.4h f49.0d f25.7m £3.19h 1 78
ms ! A §
35ms 12ms WA 878 0.445 0.945 105 175 *60s 39.6m =i88m | f538ps £977us | =106n | =1i6h f101s | =367m | z920d | Z980m 8.60m
) @783 ms 5005 a225m a353m | a321d a652y | a303y
259 260 261 262 263 264 265 266 269 270 271 272 273 274 275 276 277 278 279 280 281
Sg Sg Sg Sg Sg Sg Sg Sg p <*’Sg S, Sg Sg Sg Sg Sg Sg Sg Sg Sg Sg Sg
f4944fs f us . N N N . f4.81 m - 1 76 1 77
0.485 3.6ms 0.235 6.9ms 0.82s 27ms 8s 218 19ms /. 25 A *2.4m f132ps | f307ms | £537ns £637us t326ns | f203ms | ro23us | NN £135s = 54lm

258Db 259Db 260Db 261Db ZGZDb 263Db 264 265D 266Db 267Db ZSSDb 269Db 270Db 271Db 272Db 273Db 274Db 275Db 276Db 277Db 278Db

*20s Al v m f482m ‘I‘S 135 ‘l‘l ols 374 ms £27.7 ms N £29.0 ms N f16.4 ms f385 ms 1 74 1 75
0.51s 1525 185 355 27s 72m 2m 9.04m AN 16k =336h | =139h N f244ms | ! £971ms | ! ! =27m
43s «48.5m =592m = 20.6 m .21 m = 25.6m
1495 07385 | oldlm as6lm | aldon
5 264 266 267 268 269 270 271 272 273 274 275 276
PTRE | P5Rf | PORf | 29°Rf | *'Rf | *’Rf |\ 2¥RFE Rf | *Rf Rf | *'Rf | **Rf | **Rf | *Rf | *"'Rf | *Rf | *"Rf | *"Rf | *"Rf | *°Rf
N 2.92m . f. 1 73
N s £5.94s 257 £30.5 ms f8.61 N 468 ms 243 N £48.2
:'17;5 12)ms, 325 20.1ms :37811 21 15 uzzoz 13h mozr: =520d a292,:: uz%; £1.09 ms uﬂom«; f144 s . 207'"; £298 ns . 53":‘ £2.02ms
o o a - o4l.5m - - -
262 265 266 267 268 269 270 271 272 273 274
6Ly | 2Lr | 8Ly | Ly | 260Ly [OLp Lr “Lr Lr Lr Lr Lr Lr Lr Lr Lr Lr
£2.53h £523h . f191h f1.28m s N 172
27s 0.6465 41s 6.2s 3.0m o 36h >833d | =112h 3710 =170m | =440h 2725 f373ms | 281 ms 1838 ps fs.12s
- - : =8 = alsoa | =17 =4 285m 2444 213m 38 1.44m
a298h | a222d a143d | «377d
51 f f 261 264 265 266 267 268 269 270 271
Z55No | **No | %"No | **No | ***Ng | **°No No No No No No No No No No
, 5 3 i144d f16.2d f18.1'm f3.67d f475s \{ZSXh £56.1 fll6s f457 605 ms 170 171
Folm 2! 2455 W eUm L00us :]5;07: R a21.0h all2d al160d al17.0d ’ZI"ISI‘“ ms 554h ks 212m
al allly
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@| Beam energy from (predicted) excitation energy é‘%’

-o- KUTYO0O

Ti+*°pb>""Rsn| —o- FRLDM95
—+ HFBCSO01

Fe+2"°Pb->"Hs+n - v LZ76

58 209 266 $M396

Fe+" Bi->" Mt+n| FRDM95

—-SYS

62\, 208pp 269, 11 -0 numKUTYO0O0

NI+ Pb->"110+n| -

640+ 2%8pp <271 1104n % GI\'/ ~RIKENO2

ONi+ B> 2114 [T © 7| (Enigher)

"Zn+2%°Pb->""1124n o —(Enigher)+2

70, 2090, 278,.4 | —(261MeV)
| | | | | |

Eex (MeV)

Energy at maximum cross section
(derived from injected beam energy with Q of mass formulas)

Estimation of absolute values of beam energy depends on
(unknown) masses of compound nuclei
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AM(Za N)=MFR])M(Z9 N)_(Mgmss(za N)'l'MeO(Za N))
ETFSI

130

M gross(Z , N):KUTY gross term "AM of FRDM
M, (Z,N):KUTY average even-odd term | 12T

N
2110
“IE_of KUTY e
[
Esh O S 100
120 s
B o
N 90
2110
gl I
2 80
< 100 120 130 140 150 160 170 180 190 200
(@)
IS Neutron number N
o
90 130 F
AM of ETFSI
80 I | I 7120_
120 130 140 150 160 170 180 190 200 ,
Neutron number N 'E 110
S
-
2
AN e
9 |
0,
-15-12 9 6 -3 0 3 6 o 90

E.n(Z, N) or AM [MeV]

80 | - . L
120 130 140 150 160 170 180 190 200

32 Neutron number N
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«z (Shell energy in the superheavy mass region )

AM(Z, N)=MFR])M(Z9 N)—(MgrOSS(Z, N)+MeO(Z9 N))

ETES]

M,,.o5s(Z, N):KUTY gross term

M, (Z,N):KUTY average even-odd term

130

120 -

O
o
-

o
o
|

Proton number Z

(o)
o

(

- of KUTY =

AME95

AMES88 (1659 nuclei)

(1844 nuclei)
m AMEO3 (2228 nuclei)
m AME11 (2377 nuclei,int)
O known nuclides till 2008

140 150 160 170

2941 nuclei)

180

Neutron number N

-15-12 -9 -6

-3

| O |
E.n(Z, N) or AM [MeV]

190 200

3 6
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130 |
'AM of FRDM
120 —
N o
3110
=
> i :
<
S 100 j m AMES8S8 (1659 nuclei)
° AME95 (1844 nuclei)
ol m AMEO3 (2228 nuclei)
90 m AME11 (2377 nuclei,int)
O known nuclides till 2008
(2941 nuﬂclei)
). i ==
120 130 140 150 160 170 180 190 200
Neutron number N
130
120§ -
N N R T ——
5110 .
ol
=
-
=100 | AME88 (1659 nuclei)
o AME95 (1844 nuclei)
o, m AMEO3 (2228 nuclei) I
o 90 m AME11 (2377 nuclei,int)
O known nuclides till 2008
(2941 nuclei)
0l 5 & ! : [ E
120 130 140 150 160 170 180 190 200

Neutron number N
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2 (Shell energy in the superheavy mass region ) ¢

AM(Z, N)=MFR])M(Z9 N)—(

M grOSS(Z , N)+M

eolZ, N))

ETES]T
M,,.o5s(Z, N):KUTY gross term
M, (Z,N):KUTY average even-odd term
130
120
N
2110
e
2
< 100 m AME8S8 (1659 nuclei)
2 AME95 (1844 nuclei)
o m AMEO3 (2228 nuclei)
90 m AME11 (2377 nuclei,int)
O known nuclides till 2008

go MM | | |
120 130 140 150 160

(2941 nucle_i)

170 180 190 200

Neutron number N

15 -12 -9

6 -3 0 3 6

E.n(Z, N) or AM [MeV]
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Proton number Z
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'AM of FRDM

120 j

—
o
o
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120 130 140 150 160
Neutron number N

130

——
—_
o

-
o
o

Proton number Z

O
o

m AMESS (1659 nuclei)

AME95 (1844 nuclei)
m AMEO3 (2228 nuclei)
m AME11 (2377 nuclei,int)
O known nuclides till 2008

(2941 nuclei)

170 180 190 200

120+

80 | =
120 130 140 150 160
Neutron number N

AMES88 (1659 nuclei)
AME95 (1844 nuclei)
AMEOQ3 (2228 nuclei) I
AME11 (2377 nuclei,int)
known nuclides till 2008
(2941 nuclel)

170 180 190 200
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@ [ Theoretical total half-lives (,[,p,sf) J ar’

KTUY+decay models

I J . 1yr=3X107s
. 310 , y
130l | finiteness of [126] , %:J
i direct mass ] (Tin~10"s) }
1ooL [measurements

1oLz AT | SN BT [126]2

-6.0 o R
n 0.0 00 69 0.0 | | |
. - o et e A B () "I L
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@ (0 Conelusion )

® We give a short review of systematical properties of experimental nuclear masses.
- Mass-systematics like G-K is a good tool to check mass values.
® VWe survey various mass formulae:
- Old-parametrized mass formulae (in 1976, 88) generally fail to extrapolation.
- HFB type mass formulae sometimes give anomaly on GK-sys or alpha-chain sys.
® At the n-rich, A=130 and |95 related to the r-process, there is poor exp. mass data.

® In the neutron-rich heavy mass region and superheavy mass region, mass
measurements is required for ground-state information.
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