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The Segre chart of the SHN (A.D. 2013)
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The new isotope 277Mt.
Yu. Ts. Oganessian et al., Phys. Rev. C 87, 054621 (2013)




The Skyrme EDF

By = ) / d*r (" (r) + H™ (),

t=0,1

time-even Skyrme EDF (pt, Tt, Ji ) even-even nuclei

H"(r) = Cflpolo; + CL oihpy + Gl pym + C° TP + GV T} + O3
+CY pV - T4, (spin-orbit term)

time-odd Skyrme EDF (8¢, T, 7;, F't)

HM(r) = Cf [po]sf +CPos - Asy+ Cl'sy - Ty + O} 57
+CV s, - (V % 4,) (spin-orbit term)
+CY4(V - 8,)> + Cf's; - F;, (pure tensor terms)




The total energy in the Skyrme-HF/HFB model

B = (Dyup|H|Dyp) > g.5.
- / &1 [Epin + Esk + Em + Edou T Epair| + Eeorr,

hv‘2 . . .
Elin = 2_ ( kinetic energy density
(')
5%1021[ 26 pp /dB / ‘ R ‘, direct Coulomb en. density
1/3
Ear oul — —% 2 (ﬂ) / p;/d( ) exchange Coulomb en. density

(in the Slater approx.)

gpair — Z ‘l Vl (PO( )> ]ﬁg( ) Isovector pairing en. density

q=p,n pst

V= 0,1, or1/2 forvolume-, surface-, or mix-type pairing

st = 0.16 fm= 5,(r)- pairing density for protons and neutrons.
Pst » Pg



The equality-constrained prpblem (ECP)

[ min £'[p]
p
) subject to: Y _ (®(p)|N,|®(p)) = NN,
q=p,n
> (2(P)|Qx.|2(P)) = Quu
\ A
Ep] = E“[p7 ;8T §,Fif objective function
— /dgr (Skin(’r) + Esi(r) + ggigul( ) + ECou(T) + gpaiT(T)) + Eeorr
Y - dipol t condit
(O10) = /=S (riYio(6s,6:)) = S () =0 dipole moment condition
" ’ ; b Zzzl to avoid center of mass motion
A A
A drupole moment
= , /167 2y, i, &) = 252 _ 22 42 qua P
Q20 =1/ 5 ;m 20(0;, ;) ;( %~ i) stretching/squeezing
Q30—\/4”Zr3)/30 s ¢Z :i 2)} Octupole moment

— mass-asymmetry

A
C?40 Y, %erno(ei,gbi) hexaleecapole moment
i=1 necking



The augmented Lagrangian functional associated with ECP

A 2 ] ]
£ 3000 ((H(P)Qu(R) — @y, | o penaty function
Ap
A _ linear penalty function
+ZA)\H(<\P<p)‘Q>\M‘\IJ(p)> - QAM)] (LCM)
Ap

)\pa Ans AAM Lagrange multipliers, C A\ > 0 penalty parameters

The augmented Lagrange method (ALM):

NS = AL, + 208, (59| Qul ¥ (5")) — Q)

The first-order (necessary) variational condition i
0 i — % % ot [ =% o &
5_ﬁEc[p7)‘7A]:O = Ett[p]:E;{% ‘g

and L gmpn (L(B)INGU(*)) = Ny, 325, ((5")|Qxa T(5™)) = Qi



Eur. Phys. J. A 46, 85 (2010)
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HFODD: the self-consistent symmetries

A

= time-reversal T

= parity P

a3 A

" X-, Y-, z-signature R,  =exp(-izJ, )

X,Y,Z

" X-, ¥-, z-simplex S, ,=PR_,

O 0 O R R > w3

O o Fr Ok
O r O 0O k.

= X-, y-, z-simplex*T ST =TS

X,Y,Z X,Y,Z

S

A

$,=1=Q,,=(Q,,)eR

Q, o0, # 0 oOnly for P=0




HFODD: all allowed symmetries (for T=1)

T (ITIREV) 1

P(ISIQTY) 1 0

S, (ISIMPY) 1 0 1 0

STasmMTY) 1 0 1 0

R (ISIGNY) 1 0 0 1 0
N AN AW AN AN

STISIMTX) 1 0 1 0 O 1 0 O 1 0 1 0 O
EEEEEANEEENEENERER

STasmTz) 1 0 0 1 0 0 1 0 1 0 0 1 0

No. 1 2 3 4 5 6 7 8 9 10 11 12 13
symmetric asymmetric

fission

fission



HFODD: all allowed symmetries (for T=0)

7 (ITIREV) 0

—

P(ISIQTY) 1 0

A — v P 2

S, (ISIMPY) 1 0 0 1 0 0

ST (JSIMTY) 0 1 0 0 1 0

N y Y v " P N

R, (ISIGNY) 1 0 0 0 1 0 1 0

| N AN AN AN IV AN IV AN
S;asmMTx) 1 0 1 0 O 1 0 O 1 0 O 1 0 1 0 O 1 0 1 0 O
A 2K 20NN 2K 2% 20NN 2 2 20NN 2% 28 2R 2K 2NN 28 2% 2NNR 28 R B R’
siasmtzy 1 0 0 1 0 0O 1 0 0 1 0 1 0 0 1 0 1 0 0 1 0
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The symmetry unrestricted code HFODD [1]

and an augmented Lagrangian method [2] SkM SLyd Umts-"’C’;“nmems
: : t -2645.0 -2488.913 MeV f
were used to solve constrained HFB equations . L0 486818 At
with SkM* Skyrme force [3] in the p-h channel ta -135.0  -546.395 McV fm®
H H . e EEQR ‘ TN 34
and a density dependent mixed pairing [4, 5] s 1‘“3”@'2 13;7;2 MeV fm=e
. . . T e Sod -
interaction in the p-p channel. - 0.0 20344 -
. ) . 9 0.0 -1.000 -
The stretched harmonic oscillator basis T3 0.0 1.354 -
of HFODD was composed of states having %T/“ ]23-8 ]22*8 e ot
. . Vo . 3. eV fm®
not more than N, = 26 quanta in either p -
: . C; 0.0 0.0 (spin-orbit tensor term,
of the Cartesian directions, and not more pi 0.16 0.16 E.;?i? orbit tensor term, J°)
than 1140 states in total. 3 1.0 1.0 -
The collective mass tensor of the fissioning gf 60 N ?‘w (fHFB) tates, BCS)

- cut = or no. ol s.p. states,
superfluid nucleus was computed by means vl 0.5 1 (0.5-mixed, 1-surface pairing)
of the perturbative cranking approximation Vy o <2689 8420 MeV fm?

: . VYo 23325 -1020.0 MeV fm?
to the adiabatic time-dependent

Hartree-Fock-Bogoliubov approach [6].

[1] N.Schunck et al., 183, 166 (2012).

[2] A. Staszczak, M. Stoitsov, A. Baran, and W. Nazarewicz, Eur. J. Phys. A 46, 85 (2010).

[3] J. Bartel et al., Nucl. Phys. A 386, 79 (1982).

[4] J. Dobaczewski, W. Nazarewicz, and M. V. Stoitsov, Eur. J. Phys. A 15, 21 (2002).

[5] A. Staszczak, A. Baran, J. Dobaczewski, and W. Nazarewicz, Phys. Rev. C 80, 014309 (2009).

[6] A.Baran, J. A. Sheikh, J. Dobaczewski, W. Nazarewicz, and A. Staszczak, Phys. Rev. C 84, 054321 (2011).



The Skyrme EDF in the case of even-even nuclei (time-reversal symmetry)

g M(r) = Z (Cf [po) i + C’tApptAPt + C p1 ‘f'bfl{?) (central terms)
t=0,1
T Z (Otvjptv ‘ Jt) ,  (spin-orbit term)
t=0,1

132
128 130 e-e nuclei
124 108<72<126
120 148 <N <188

116

112

ooo*o*o)oo--fooooo

108 %% % %% %%

Z, number of protons

104

) T I T T ' L) Ll T L) L) ) T
144 148 152 156 160 164 168 172 176 180 184 188

N, number of neutrons



Ground state pairing properties of e-e SHN

A,= 0 MeV for N = 184

.. 1
N s N 1241 Neutron pairing gap A, (MeV)i 0.0
2 51 0.8
S £ Moz
5 59 5 -

cC c il O-
c 6.7 c 0.5
..g 7.5 g 0.4
o 83 & 0.3
9.1 02
0.1
2.5 1.3
N 1.5 N 1.2
g 0.5 g 1.1

S 05 € =K
2 15 2 0.9
0.8
S 20 5 0.7

° -3.5 o :
a 45 0O 0.6
5.5 \ 0.5
T 1/ T o T T : 8 : 0.4

148 152 156 160 164 168 172 176 180 184 188 148 152 156 160 164 168 172 176 180 184 188
Neutron number N Neutron number N

Proton drip line:
Fermi energy A< 2 MeV.



Geometric sizes

Proton number Z

Proton number Z

148 152 156 160 164 168

172 176 180

10.65
10.55
10.45
A 10.35

RN b)
> © 10.25

A ¥ Qo

Neutron number N

1244 Root-mean-square radius (<r2>)"? (fm)
1221 (neutrons) \

S
108 A | U
148 152 156 160 164 168 172 176 180 184 188

Neutron number N

Proton number Z

126

184 188

1244 Root-mean-square radius (<r5>)" (fm)

1221 (protons)
120+

1184
116
1144
1124

148 152 156 160 164 168 172 176 180 184 188

Neutron number N



Grou

d state deformations

Proton number Z

Proton number Z

Ground-state Q, (b)

N
Proton number Z

(@]
N
Proton number Z

108 -
148 152 156 160 164 168 172 176 1
Neutron number N

\
(
/
| )
=
!
o
8

‘ \ \
2.4 108
0 184 188 148 152 156 160 164 168 172 176 180 184 188
Neutron number N

The e-e SHN form three reqgions:

1) a prolate-deformed (for N < 172),

2) spherical (N>180),
3) the transitional region
(between the former two).

Shape phase transitions and critical-point phenomena
in atomic nuclei
R.F. Casten, Nature Physics 2, 811 - 820 (2006)




Geometric collective model (GCM) - A. Bohr (1952)

V(B,y) = AB%+ BB3 cos 3y + C34, (C>0)

A =A_=B?/(4C): critical point

A =A,;=0: spinodal point e
<\
“ C . A =A,=9B?/(32C): antispinodal point
B .00
S a(\’{\"@\(\o
~ )
S
n = R
0 < A
(75}

, prolate
(y=0)

phase coexistance

A A

C (y =n/3) (y=0)

A=A_(B#0)and A<O0 (B=0): first-order phase transition lines

A =B =0: second-order phase transition point (triple-point)



Interacting boson approximation (IBA-1) — Arima, lachello

U (6) > SU (3) > O(3)

U(6) > 0(6) 5 0(5) > O(3) J®)  (vibrational)
SU(3),sU3) (rotational)

U (6) > SU (3) > O(3) 0(6), O(6) (y-soft)

U (6) > O(6) > O(5) > O(3)

Critical-point solutions:

V(S,7)=AB*+Bp*cos3y +Cp*
V(B,7)=V.(B)+V,(7)

X(5) Vl :Vwell(ﬁ)i V2 =C(]/—7/0)2,(C>O)
E(): V. =V, (B). V,=0 — ff

Second order First order

F. lachello, PRL 85, 3580 (2000); (Fig. Casten)
87, 052502 (2001).



Extended triangle of IBA-1 — R. Casten
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Nuclear shape phase transitions

Energy E (MeV)
AN
~

\/

N\

Quadrupole moment Q_, (b)

40 -20 O 20 40 60 80 100 120



Second order phase transition O(6) — U(5)

&%\
-40 -20 0 20 40 60 80 100 120
Quadrupole moment Q_, (b)

Energy E (MeV)




Second order phase transition O(6) — U(5)

% N=170
/N
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-40 -20 0 20 40 60 80 100 120
Quadrupole moment Q_, (b)

Energy E (MeV)




Second order phase transition O(6) — U(5)
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Second order phase transition O(6) — U(5)

o

Energy E (MeV)
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Quadrupole moment Q_, (b)



Second order phase transition O(6) — U(5)

i

Energy E (MeV)
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Quadrupole moment Q_, (b)




Second order phase transition O(6) — U(5)

Energy E (MeV)
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Critical (triple) point E(5)

Energy E (MeV)

%s
-40 -20 0 20 40 60 80 100 120
Quadrupole moment Q_, (b)




Second order phase transition O(6) — U(5)

182
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-40 -20 0 20 40 60 80 100 120
Quadrupole moment Q_, (b)
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Second order phase transition O(6) — U(5)

Energy E (MeV)
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Quadrupole moment Q_, (b)




Second order phase transition O(6) — U(5)
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Second order phase transition O(6) — U(5)

Energy E (MeV)

-40 -20 0 20 40 60 80 100 120
Quadrupole moment Q_, (b)



Superdeformed oblate (SDO) SHN?

Energy E (MeV)

-80 -60 -40 -20 0 20 40 o0 80 100 120

-2 | | |

Quadrupole moment Q, (b)



Superdeformed oblate (SDO) SHN?

Energy E (MeV)

10 T L DL L DL
N 7=120|
| N=168]| .
5 | i
4 | i
L \§ :
Or | N
|

_2-80'-601-40'-201 0 120'40'60'8011OOI120

Quadrupole moment Q, (b)



Superdeformed oblate (SDO*) SHN

Energy E (MeV)

(€T0T) £8T ‘PP @ e21UO|Od "SAYd IOV 'S 'V “eluyd0id

(TTOT) 2OEYSO ‘€8 D A9Y "SAYd ‘DIS|EXS °T ‘|EMOY "INl “ZoIMmOwIyder d,

-80 -60 -40 -20 0 20 40 o0 80 100 120

Quadrupole moment Q, (b)



Superdeformed oblate (SDO) SHN

Energy E (MeV)
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-40 20 0 20 40 o0 80 100 120

Quadrupole moment Q, (b)



Superdeformed oblate (SDO) SHN

Energy E (MeV)

Z=120|
N=162]| .

-80

-60 40 -20 0 20

Quadrupole moment Q, (b)
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Superdeformed oblate (SDO) SHN

10

Z=120|
N=160] .

Energy E (MeV)

_2 1 ] 1 ] 1 ] 1 ] 1 ] 1 ] 1 ] 1 ] i
-80 60 40 -20 0 20 40 o60 80 100 120
Quadrupole moment Q, (b)



SHN phase diagram (Natura non facit saltus)

132 R E(5)
128 T \ l triple pont
. 124- oblate rotor ) : .““*:*:““
= ] 2 AR RRRRARRD
2 1204 BN d 4040444, G—
S SU(3) [T S-Sttt otrtsod U(5)
q6 116 - prolate rotor ®'e oﬁﬂ“‘o ‘o ﬁ%ﬁ vibrator
c - 2AARARARRRRRA X A A ARRRDC
8 112 2AARARARRRARNA IR AR RONC
= _ ARRARRRRARR AR AR IRDC
g 108 e .H. ‘o ‘o *o ﬁﬁ%ﬁﬁ“ﬁ
N 104 -
100 OO0

71 T 1 T T 7 1 ' — 1 T T ' '
144 148 152 156 160 164 168 172 176 180 184 188
N, number of neutrons



G.s. properties of SHN - Conclusions

v" The e-e SHN form three regions: the prolate-deformed SU(3) (for N < 172), spherical
U(5) (for N>180), and transitional region (y-soft) O(6) between the former two.

v" On the border between the O(6) and U(5) regions (for N = 180) nuclei exhibit a rather
flat potential bottom and acquire the triple-point solutions - E(5).

v" The existence of superdeformed oblate (SDO) nuclei - SU(3) for N <166 and Z> 120
was validated.

v" The heaviest even-even nuclei produced by #8Ca induced reactions on actinide targets
fall into the class of O(6) y-soft nuclei.



Proton number Z Proton number Z

Proton number Z

SHN: alpha emission

126
1224 M, =7.289 MeV =
1204 M, =8.071 MeV

124] QuZNMZNIMZ2N-21M(22) (MeV)

1221 M(2,2)=2.425 MeV

Parkhomenko, Sobiczewski, Acta Phys. Pol. B 36, 3095 (2005):
1244 data ab.c.d 1+1.3892, +13.862, -0.1068, -41.458/

0g1oT'e, (9)

148 152 156 160 164 168 172 176 180 184 188
Neutron number N
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SHN: Q - values

Energy relea
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’S. Hofmann, et al,, Eur. Phys. J. A 10, 5 (2001)
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The spontaneous-fission half-life is inversely proportional
to the probability of penetration through the barrier

g In21 In2

TS =—2= n» 102051 _1005g

In the WKB semi-classical approximation for the probability P

—20.54

TSf [s]_lo [1+exp(28( ))]

ha,

where the action-integral calculated along a fission path L(S)
in the multi-dimensional deformation space {qﬂ} is

1
2

S(L)= T{Z/hz By (s)[V (s)-E ]} ds

The effective inertia associated with the fission motion along
the path L(s) is

dq dq
Beff (S) - Zk,l Bq kg ds dS




PRC 80, 014309 (2009)

Octupole moment Q,, (b¥2)

Hexadecapole moment Q,, (b?)

Barriers of even-even Fm isotopes
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Multimodal fission
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HFB energy (MeV)
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SF half-lives of even-even Fm isotopes
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Experimental fission half-lives from:
*E. Holden and D.C. Hoffman, Pure Appl. Chem. 72, 1525 (2000).
). Khuyagbaatar et al., Eur. Phys. J. A 37, 177 (2008).



E**t and B,,,, along sEF and aEF fission paths in 39€122

Total energy E* (MeV)
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PES with the sEF and aEF fission paths in 394120




PES with the sEF and aEF fission paths in 394120
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sEF and aEF SF modes in even-even SHN

126 oo
194 Fission modes

199 = Asymmetric fission
| ™ Symmetric fission
120 B Observed nuclei

118 1
116 -
114 -
112
110 - [ ] \
108

148 152 156 160 164 168 172 176 180 184 188

Neutron number N

Proton number Z

The contours show the predicted SF half-lives in logarithmic scale in s.
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SF half-lives of even-even Fm isotopes (lI)
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Empty circles — (like before) the constrained
HFB-SkM* calculations along Q,, coordinate

with left-right asymmetry and non-axiality included;
the mass parameters were obtained in the
perturbative cranking approx. Energy of fissoning
nucleus (bottom panel) was assumed to be equal

Eo = 0.7 ZPE(Q,), where ZPE(Qy,) is zero point
energy (GCM+GOA model) at the ground state
deformation.

Filled circles — the same as above, but the mass
parameters were scaled by a factor 1.3 and E, energy
was determined from the WKB quantization condition

i\/ZM (@)(E,-V(q))dg=7(n+%)n, n=012,.




HFB-SkM* results for even-even SHN (lI)
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HFB-SkM* results for even-even SHN (lI)
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SHN with the extreme oblate deformation
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SHN with the extreme oblate deformation
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30671224, — toroidal shapes
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The three-fragment valley in LDM
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Fig. 2. The fission valley (the three-fragment valley) and the
two-fragment valley. The associated shapes are sketched in a
rough way.

Fig. 3. Schematic energy contour diagrams of the two-frag-
ment valley and the fission valley, including (side view and
plan view) the spherical minimum, caused by shell effects.



SHN by 3-body cold fusion ???
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198Hg: the heteromodal fission
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180Hg: asymmetric fission!
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232Th and #?U : the third minima?
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