Chapter 6

Application to superdeformed
state for ¥'Ca

The 03 state for *°Ca is a bandhead of a superdeformed band and the config-
uration of the state is considered as 8-particle 8-hole (8p-8h) excitation [34].
For example, Zheng et al. predict SD band with a deformed SHF calcula-
tion with axial symmetry imposed on the density [38]. However, a shape of
the 0F state becomes slightly triaxial, by the calculation without the spatial
symmetry restriction in SHF [39], where y~deformation is about 10°. In this
chapter, we apply our formulation to the SD band of 1*Ca.

6.1 Description of SD band of ¥*Ca with SHF
plus RPA

In this section, we show the numerical results for the band structure of the
superdeformed states of “°Ca and our formulation can successfully reproduce
the experimental values of SD band for °Ca.

Table 6.1 shows numerical results of the SHF plus RPA calculation of
ground state and 8p-8h state for °Ca. We partition properties into four
category in Table 6,1. First is the numerical results for the ground state
obtained by means of the SHF calculation, Efp is a binding energy of an
intrinsic ground state. Second is the numerical results for the 8p-8h state
obtained by means of the SHF calculation. Eﬁ%ﬁh is a HI' energy of an
intrinsic 8p-8h state. The deformation parameter 8 and + of the 8p-8h state
are defined by Eq. (4.49). (J2) is an HF expectation value of a squared
angular momentum operator with respect to the 8p-8h state, Third is the
numerical results for the 8p-8h state in terms of the RPA calculation. Kfetw

cor
is a RPA correlation energy of a spurious rotation around the p-axis and
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given in terms of Eq. (4.71) as

1 2
oty - Ay )
By = gl [ @)] (6.1)
Fourth is the numerical results in terms of above quantities, ES" js an
energy of the 8p-8h state including the RPA correlation energy for rotation,
which is defined as
ERon = B — > Exe. (6.2)
v=c,2
E,(0F) is excitation energy of 01 state defined as
E,(0F) = Expa — Efip- (6.3)

J is the moment of inertia corresponding to a rotation around the i-axis,
which correspond to that of Thouless-Valatin’s. The moment of inertia is
estimated in terms of Eq. (4.75) as

(HPBPBh |J |E[]-\8p8h)
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(6.4)

fThe shape of the 8p-8h state for each of the several Skyrme parameters
is not axial but weakly triaxial superdeformation in our calculation. Qur
formulation enables us to evaluate the excitation energy of the 0F state taking
into account the zero-point rotational correlation energy and the moment of
inertia corresponding to the Thouless-Valatin formula. It is to be emphasized
that the zero-point rotational correlation energy around z-axis, Er°5?, is not
small in comparison with those around 2 and y-axis. Thus, excitation energy
of 0F with 4 ~ —10° is lower than the ones with = 0° by the magnitude of

];'lot Wz
cor '

In the case of the triaxial deformation, there exist three moments of inertia
around each of the axes, J,. And in terms of A, = /?/27,, a rotational
spectrum with angular momentum / is given as [79]

1 1
Eul) = 5{A1+ A){(T + 1) + 5(A1 — As) Era(k), (6.5)
where E,7(k) is an eigenvalue of a matrix defined as
24, — A — A
2 2 12 2 1 3
1 — 7 = ) 6.6
H(g) = I§ + &Iy - I3, & AT A (6.6)

In Fig. 6.1, we show 8D band for *°Ca with several Skyrme interactions.
This figure is constructed using the excitation energy of 0F state and three
moment of inertia 7, in Table, 6.1. One can confirm that the experimental
value is well reproduced with the SkI4 interaction. These results are amazing
because the levels are obtained by fully microscopic calculation.,
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Table 6.1: The numerical results of the ground states and the 8p-8h states
in *Ca. See the text about quantities in the first column.

SIIT Z, okX Skl4 SkO

Efp -341.32 -342.34 -340.93 -343.95 -344.29
8p8h

B |-330.51 -332.26 -328.77 -331.86 -331.84
B 0.599  0.603 0.599  0.607  0.600
v 716 -9.09  -869  -9.68  -8.98
(J2) 36.27  37.30 3748 3787  37.20
(JZ) 2722 2600 2661 2578  26.21
{(J%) 244 401 363 465  3.89
Et® 179 157 157 221 197
Bty 140 117 117 156 140
Bt 127 085  1.01 196 1.5l

Epmy  1-334.98 -335.86 -332.53 -337.60 -336.71
E,0f)| 634 649 841 636  7.58

VA 10.13 11.85 11.87 8.55 9.46

Ty 9.69 11.08 11.39 8.24 9.39

Ve 0.96 2.36 1.81 1.19 1.29
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Figure 6.1: SD band for *Ca. See Fig. 1.1 about the experimental values
(EXP).
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6.2 Octupole softness

In this section, we study octupole softness for SD band of ©Ca.

We calculate two cases: One is the case of the axial superdeformed nucleus
(8 = 0.6,y = 0°). The other is the case of the triaxial superdeformed nucleus
(B = 0.6, v ~ —10°). The single-particle wave functions of the triaxial
superdeformation are obtained by using the randomly chosen twenty odd
parity single-particle wave functions and twenty even parity single-particle
wave functions as initial values of imaginary time step method for solving the
SHF equation. The single-particle wave functions of axial superdeformation
are obtained by using the single-particle wave functions with axial density
as initial values of imaginary time step method!. The HF energy of 8p-
8h state with triaxial superdeformation is slightly lower than the one with
axial superdeformation (e.g. 0.144 MeV for SIII force). We solve the RPA
equations on top of the 8p-8h states with axial superdeformation and triaxial
superdeformation respectively®.

In Fig. 6.2, we show the excitation energies of low-lying isoscalar odd-
parity states associated with the bandhead of the SD band of 1°Ca. In the
case of the axial superdeformation in Fig. 6.2, the intrinsic electric octupole
transition probabilities are large for the K™ = 17 state and K™ = 07 state
for all of the displayed interactions. These results directly correspond to
the octupole softness pointed out in Ref. [39], where the 8p-8h state with
axial superdeformation is extremely soft with respect to the B35 and fs; oc-
tupole deformation. In Fig 6.2, the levels of K™ = 17 and 37 states on
axially superdeformed state split into two levels of (s}, s}, s3) = (=, +,+)
and (4, —, +) states on triaxially superdeformed state respectively. The lev-
els of K™ = 2~ state on axially superdeformed state split into two levels of
(+,+,—) and (—, —, —) states on triaxially superdeformed state. The level
of K™ = 0~ state on axially superdeformed state corresponds to the level
of (—,—, ) state on triaxially superdeformed state. The levels on the tri-
axially superdeformed state are labelled (s;‘,sg,s;\) &, Where the state with
(s;‘;,s;‘,si);\- is the (s},s),5)) state split from the K™ state on the axially
superdeformed state. In Fig. 6.2, all of the levels on the triaxially superde-
formed state other than the levels of (4, —,+} state with SIII, SkX, SkO

1The imaginary time step method holds symmetry of the density made of initial single-
particle wave functions.

2Tn, the case of 8p-8h state with axial superdeformation, the excited state with quantum
number (52, sﬁ, 82) = (—,—,+) is unsiable because the 8p-8h state with axial superdefor-
mation is y-unstable. We can calculate the RPA equations on the 8p-8h states with axial
superdeformation for the other excited state provided those are stable with respect to the
octupole deformation,
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interactions are lower than corresponding levels on the axially superdeformed
state. We can see that the levels of (+, —,+); state with SIII, Z, and Skl4
has very low-lying excitation energy. Furthermore, the levels of (-, —,+)
state with SkX and SkO are lower than 0 MeV in the figure, where we dis-
play the pure imaginary eigenvalues of the RPA equations as minus energies.
This means that the 8p-8h states with triaxial superdeformation for SkX
and SkO interactions are unstable with respect to the octupole deformation.
In the case of triaxial superdeformation in Fig. 6. 2 the infrinsic electric
octupole transition probabilities are large for the (s3, 53, 82)ic = (4, —, +)1,
(—+,+)1, (+,+:—)2, (+,+, —)o, and (—,+, +)s states for all of the inter-
actions other than the (+,—,+), states of SkX and SkO interactions and
the (4, —,4)s state of Z, interaction. The main component of the reduced
transition probability of (4,4, —); state is not Yss but Yao, e.8, 0.5 and 6.7
respectively for SIIT interaction. Just as in the axial case, the 8p-8h state
with triaxial superdeformation is also soft with respect to the f3 and fBat,
octupole deformations for SIII, Z, and SkI4 interactions, The 8p-8h state
with triaxial superdeformation is unstable with respect to the f5 octupole
deformation for SkX and SkO interactions.

The obtained excited levels in Fig. 6.2 predict the existence of the odd
parity excited bands associated with the SD band.
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Figure 6.2: Excitation energies of low-lying isoscalar odd-parity states asso-
ciated with the bandhead of the SD band of **Ca. Arrvow is intrinsic reduced
transition probability B(I53) which is more than 1.0 W.u. The excitation
energy is calculated in two cases, § = 0.6, v = 0° and 8 = 0.6, v ~ —~10° for
each of the Skyrme interaction. In prolate case {y = 0}, levels are labeled
by K™. In triaxial case (v # 0), levels are labeled by quantum numbers
(s2,52,52) in Eq. (4.68).
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